Coherent light transport in randomly assembled, highly multiple scattering media by Schertel, Lukas
Zurich Open Repository and
Archive
University of Zurich
Main Library
Strickhofstrasse 39
CH-8057 Zurich
www.zora.uzh.ch
Year: 2018
Coherent light transport in randomly assembled, highly multiple scattering
media
Schertel, Lukas
Posted at the Zurich Open Repository and Archive, University of Zurich
ZORA URL: https://doi.org/10.5167/uzh-153120
Dissertation
Published Version
Originally published at:
Schertel, Lukas. Coherent light transport in randomly assembled, highly multiple scattering media. 2018,
University of Zurich, Faculty of Science.
Coherent Light Transport
in Randomly Assembled, Highly Multiple
Scattering Media
Dissertation
zur
Erlangung der naturwissenschaftlichen Doktorwu¨rde
(Dr. sc. nat.)
vorgelegt der
Mathematisch-naturwissenschaftlichen Fakulta¨t
der
Universita¨t Zu¨rich
von
Lukas Schertel
aus
Deutschland
Promotionskomission
Prof. Dr. Christof M. Aegerter (Vorsitz, Leitung der Dissertation)
Prof. Dr. Georg Maret
Prof. Dr. Johan Chang
Dr. Geoffroy J. Aubry
Zu¨rich, 2018

Abstract
In this thesis I describe my work on coherent light transport in strongly mul-
tiple scattering media. Inspired by the experimental search for light locali-
zation in three-dimensional media, a coherent wave phenomenon in multiple
scattering, the conceptual and experimental difficulties in the observation of
this wave phenomenon are discussed. I show time of flight measurements that
question earlier observed deviations from classical (diffusive) light transport.
Moreover, I reveal that clear signs of light localization in 3D media have ne-
ver been achieved experimentally and explain earlier claims in the Konstanz
group by an extended diffusion model accounting for a weak fluorescence in
the commercial white paint samples. To build optimized self-made samples, a
quantitative transport model for resonant light transport in photonic glasses
(size and shape controlled “white paints”) is developed and tested in simulati-
ons and experimentally on low and high index materials. Resonant transport
behavior is studied further in high index photonic glasses to gain a complete
understanding of light scattering in such “white paints”. Additionally, an ex-
perimental method in which the magneto-optical Faraday effect is used to
influence one contribution to light localization, namely the constructive inter-
ference on reciprocal scattering paths, is developed for 3D samples. With this,
deviations from diffusion can be tested to come from localization if they are
found. Lower dimensional experiments are performed to observe light locali-
zation and to test such a method, since localization should inherently exist
in these lower dimensions. Therefore, the static transmission and its fluctuati-
ons through a stack of Faraday active glass slides is studied and compared to
transfer matrix simulations. Experimental data show the competition of signs
of localization with a dimensional crossover from a 1D to a quasi 1D geometry.
The results obtained in this thesis lead to a more complete understanding
of coherent light transport in highly multiple scattering, densely packed me-
dia such as photonic glasses. With this I explain why light localization in 3D
has not been observed in the previously used materials. An experimental met-
hod using the magneto-optical Faraday effect is established to test potentially
localizing signals by their sensitivity to high magnetic fields.

Deutsche Zusammenfassung
Diese Arbeit bescha¨ftigt sich mit der koha¨renten Wellenausbreitung elektro-
magnetischer Lichtwellen durch ungeordnete, stark streuende, dicht gepackte
Medien. In solchen Medien ist ein Phasenu¨bergang von einer diffusiven Welle-
nausbreitung zur sogenannten Lokalisierung mit steigendem Maße an Unord-
nung theoretisch vorhergesagt worden. In dem ersten Teil meiner Arbeit be-
scha¨ftige ich mich mit den experimentellen und den konzeptionellen Schwie-
rigkeiten eines Nachweises des Zustandes der Lokalisierung fu¨r Lichtwellen. Es
werden Flugzeitmessungen von Photonen durch kommerzielle Titandioxidpul-
ver gezeigt, welche die Dateninterpretation bezu¨glich (Anderson) Lokalisierung
in vorherigen Messungen an denselben Proben infrage stellen. Ich zeige, dass
Anderson Lokalisierung von Licht in 3D bisher nicht eindeutig nachgewiesen
wurde und erkla¨re fru¨here Datensa¨tze durch ein erweitertes Diffusionsmodell,
welches schwache Fluoreszenzen in diesen weißen Farbpulvern beachtet. Um die
Streuung in solchen Proben zu optimieren und sich somit dem Zustand der Lo-
kalisierung anzuna¨hern, wird im na¨chsten Teil der Arbeit ein Transportmodell
fu¨r resonante Wellenausbreitung in photonischen Gla¨sern (gro¨ßen- und form-
kontrollierte weiße Farben) entwickelt. Dieses wird anhand von Simulationen
und Experimenten in niedrig- und hochindex photonischen Gla¨sern getestet,
um so die Allgemeingu¨ltigkeit des Streumodells zu zeigen. Die Ursache der An-
derson Lokalisierung ist stark verknu¨pft mit der Interferenz von Lichtwellen auf
reziproken Pfaden. Im na¨chsten Teil der Arbeit wird eine experimentelle Me-
thode entwickelt, die mit Hilfe des magneto-optischen Faraday Effektes diese
Interferenz beeinflusst und somit genutzt werden kann, um experimentelle An-
zeichen fu¨r Lokalisierung auf deren Ursprung zu testen. Da Lokalisierung in 3D
bisher nicht nachgewiesen werden konnte, werden anschließend Experimente
und Simulationen in niedrigeren Dimensionen durchgefu¨hrt, in welchen Lo-
kalisierung bei großer Systemgro¨ße stets existieren sollte. Konkreter wird der
Wellentransport durch einen Glasplattenstapel aus Faraday aktivem Material
experimentell studiert und mit Transfermatrixsimulationen verglichen. Damit
wird der Einfluss des Faraday Effektes auf die Lokalisierung studiert.
Mit den in dieser Arbeit gewonnen Erkenntnissen la¨sst sich das bisherige
Fehlen eines Nachweises der Anderson Lokalisierung von Licht in 3D verste-
hen. Weiterhin wird hier ein ganzheitliches Versta¨ndnis von Wellentransport
in photonischen Gla¨sern entwickelt. Zudem konnte ein experimenteller Test
zum Nachweis von Lokalisierung mit Hilfe des Faraday Effekts gezeigt werden,
welcher bei potenziell lokalisierenden Proben angewendet werden kann.
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Chapter 1
Introduction
Transport phenomena are constantly present in daily life. They govern many
processes in chemistry, biology, physics and engineering. Wave transport in dis-
ordered structures describe very diverse systems, all sharing the same physical
principles [1, 2]. Examples are electron transport in a copper wire, leading to its
electric resistance [3] or ultrasonic waves [4, 5] in condensed matter, mechanical
waves in the earth [6], cold atoms in an optical trap [7], or light in disorde-
red photonic materials [8, 9, 10]. Especially light transport is an omnipresent
phenomenon ranging from the milky appearance of clouds to structured co-
lors or whiteness in animals [11]. Moreover, optical transport experiments have
reached an unprecedented accuracy thanks to the great technological develop-
ment of sources (e.g., lasers), detectors (e.g., CCDs) and time resolution. In
this thesis the focus is on transport of light waves in randomly assembled, den-
sely packed, highly multiple scattering media. Visible light is an ideal testing
tool for wave transport phenomena. Beside its technical relevance of optical
experiments, relatively high refractive index scattering media in combination
with low absorption such as “white paints” and photonic glasses exist in this
frequency range. Moreover photons have the advantage not to show additional
particle/particle interactions in the multiple scattering regime that can com-
plicate transport theories unlike for example in electronic systems (which show
Coulomb interaction).
The earlier mentioned milky appearance of the clouds is a multiple scattering
phenomenon arising from the loss of the information about the initial direction
of the light. Neglecting that light is a coherent wave that can interfere, the
photon transport can be described as a random walk through the medium.
Otherwise new phenomena, such as speckle, coherent backscattering [8, 9],
universal conductance fluctuations [12] or Anderson localization [13] may arise
from interference. The latter was predicted first by P. W. Anderson in 1958 [14]
for electronic systems. He predicted a phase transition in 3D from a diffusive to
localized state for waves in a disordered medium [3, 13], in which the scattering
3
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strength plays the role of the control parameter. For electronic systems this
transition changes the system from a conducting metal to an insulator. Sixty
years later, this transition was observed for various kinds of waves such as
ultrasonic waves [15] or particle waves [16, 17]. For light waves, Sto¨rzer et al.
[18] and Sperling et al. [19] measured deviations from diffusion in 3D samples
made of titanium dioxide (TiO2) powders using a time of flight (ToF) and
a transmission profile (TP) method and interpreted them as 3D Anderson
localization of light.
In this thesis I will show experimental studies of the long time tail of ToF
distributions and the long time behavior of the TP width for very thin samples
and different turbidities that question this interpretation. Weak fluorescent sig-
nals in these powders explain earlier observations consistent with an extended
diffusion model. A conceptual discussion of the reasons of the experimental
problems in observing Anderson localization of light in 3D follows. One solu-
tion could be to increase the scattering strength to currently unreached high
values. This might be achieved by lowering the polydispersity and then tuning
the scattering to multiple scattering Mie-resonances in monodisperse random
assemblies of spheres (so called photonic glasses).
A more quantitative understanding of light transport in densely packed me-
dia is required to optimize such advanced “white paint” materials. An appro-
priate multiple scattering model needs to include the single particle scattering
properties as well as interferences arising from particle position correlations
and near field coupling. Combing a well know scattering model [20, 21] and the
so called Energy Coherent Potential Approximation for an effective refractive
index [22] allows me to predict the scattering in densely packed media. This
model is tested experimentally on relatively low index (polystyrene) photonic
glasses and compared with simulations and models from literature [23, 24].
In a next step the model is used to predict scattering in high index (TiO2)
photonic glasses. Spectral transport measurements in newly synthesized high
index glasses are performed and compared to the transport model and spectral
measurements of commercial “white paints” to develop a full understanding of
resonant light transport in photonic glasses and “white paints”.
The constructive interference on reciprocal scattering paths in backscatte-
ring direction was shown to be the origin of coherent backscattering by Lenke
et al. [25]. As the coherent backscattering cone is seen to be a manifestation of
weak localization and therefore a precursor of Anderson localization, manipu-
lation of reciprocity might also influence signs of Anderson localization. Since
the magneto-optical Faraday effect can manipulate reciprocity, it can be used
to manipulate the interference at the origin of the coherent wave transport
phenomena. In chapter four the interference nature of Anderson localization
4
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is studied, by implementing a method to manipulate signs of Anderson loca-
lization in a magnetic field via the magneto-optical Faraday rotation of light.
Therefore, the samples need to fulfill two conditions: firstly, the samples need
to show signs of localization. In 3D this is connected to the strong scattering
regime in which the wavelength of the light λ is in the same order of magnitude
as the transport mean free path ℓ⋆ (λ ≈ ℓ⋆). This property might be achie-
ved in high index photonic glasses or other advanced structural materials [11].
Secondly, the samples need to show a high magneto-optical Faraday rotation
to be able to destroy the reciprocity of the light paths in the experimentally
available magnetic fields.
A good candidate for this is cerium fluoride (CeF3), whose Faraday rota-
tion strength strongly increases with decreasing temperature. This material is
characterized in this thesis regarding its Faraday rotation at low temperature
(T < 10 K) and in high magnetic fields (B = 18 T). Finally, the manipu-
lation of reciprocity in reflection and transmission geometry is shown in new
experiments on coherent backscattering and speckle correlations in strongly
scattering samples containing Faraday active material. A proof of principle
experiment shows that the destruction of the signs of Anderson localization in
3D in external magnetic fields might be possible if localized samples are found.
Anderson localization is strongly connected to the probability of a random
walker to return to its origin, which is finite in one and two dimensions. Thus,
for large enough system sizes Anderson localization always exists in lower di-
mensions. Since 3D samples bear to show Anderson localization of light yet,
lower dimensional samples might act as a good testing tool for the above
described method. Using a stack of Faraday active glass slides a quasi one
dimensional system is realized to test the manipulation of Anderson localiza-
tion in high magnetic fields. Static transport measurements, namely the mean
transmission over various realizations of disorder, and its fluctuations are me-
asured in dependence of the magnetic field and the system size and compared
to transfer matrix simulations. With this the influence of magneto-optical Fa-
raday rotation on light transport as well as the transition from a 1D to a quasi
1D system is studied.
5

Chapter 2
Coherent multiple light scattering
In this chapter I first introduce the theoretical background needed to under-
stand coherent wave transport in multiple scattering media. Based on the un-
derlying single scattering processes, multiple scattering can be seen as a series
of such scattering events. The classical wave transport description, which can
be described as a diffusion process of the energy density, breaks down as soon
as coherent waves lead to interference. New phenomena, such as speckle, but
also coherent backscattering and, in certain conditions, Anderson localization,
arise. Giving an introduction to these phenomena brings us to the experi-
mental methods used to observe Anderson localization of light in 3D. Earlier
experimental data are put in question with new experimental measurements.
All data are explained consistently by accounting for weak fluorescent signals
in the used samples. A conceptual discussion about experimental problems in
observing Anderson localization of light follows and a possible pathways to
observe Anderson localization in 3D in future experiments is proposed.
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2.4 Earlier experiments on 3D Anderson localization
of light . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.5 Questioning the localization interpretation . . . . 30
2.5.1 Samples thinner than the localization length . . . 31
2.5.2 Lowering the turbidity . . . . . . . . . . . . . . . 32
2.5.3 Refitting static transmission data . . . . . . . . . 34
2.5.4 Transmission profile of Aldrich Rutile . . . . . . . 34
2.5.5 Weak fluorescence signals . . . . . . . . . . . . . 37
2.5.6 A time delaying fluorescent diffusion model . . . . 41
2.6 Difficulties in observing Anderson localization of
light in 3D . . . . . . . . . . . . . . . . . . . . . . . 44
2.1 Random walk model and diffusion
approximation
In order to describe the multiple scattering mechanism of photons in random
media, a numerical approach can be used: the random walk model. All mi-
croscopic details about the single scattering mechanism, which will be discus-
sed in detail in the next chapter, can be put in the transport mean free path ℓ⋆.
This quantity describes the path length on which the orientational correlation
is lost in multiple scattering. The transport mean free path takes the role of the
characteristic length scale of the discrete step-length distribution. As we will
see later, the inverse of ℓ⋆ multiplied by the wavelength λ holds information
about the scattering strength of a sample. It is a measurable quantity that des-
cribes the static scattering properties of a multiple scattering sample. One can
explain incoherent light transport by a diffusion process of the energy density
of the electromagnetic wave to learn about dynamics in light transport. This
is published detailed in ref. [26] and summarized in ref. [27, 28].1
2.1.1 Dynamic and static scattering properties
For simplicity let us describe the propagation of a photon in a multiple scatte-
ring sample in one dimension. The propagation starts at x = 0 at time t0 = 0.
The photon can move one step ∆x (in positive or in negative direction) during
1The presented description of the random walk and the diffusion follows ref. [27] and is taken
partly from my master thesis [29].
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∆t. Due to the symmetry of the random movement the mean step is ⟨∆x⟩ = 0,
such that the mean position of N such photons stays centered around x = 0
with a Gaussian distribution. The spread of the photons is described by the
mean squared displacement
⟨x2(t)⟩ = t
∆t
∆x2 = 2Dt , (2.1)
where D = ∆x
2
2∆t
is the Boltzmann diffusion coefficient, which connects the
random walk model to the diffusion theory of the photon energy density. In
3D one adds up the independent mean squared displacements of each spatial
direction and ends up with
⟨r2⟩ = ⟨x2⟩+ ⟨y2⟩+ ⟨z2⟩ = 6Dt . (2.2)
Assuming energy conservation, the temporal change of the energy density dis-
tribution ρ in a volume element equals the spacial change of the energy flux
j
∂tρ = −∇j . (2.3)
This is the equation of continuity. Introducing Fick’s law for the energy flux
j = −D∇ρ equation (2.3) can be rewritten to
∂tρ = D∇2ρ . (2.4)
Absorption, as present in experiments, lowers the temporal change of the
energy density. It can be inserted via the term 1/τaρ, that is related to an
exponential decay in energy density ρ with a time constant τa. Thus, equation
(2.4) becomes
∂tρ = D∇2ρ− 1
τa
ρ . (2.5)
Here τa is the absorption time corresponding to the microscopic absorption
length la = cτa/neff, with c the speed of light and neff the effective refractive
index of the multiple scattering sample. la is the path length on which the
intensity is attenuated by 1/e. The macroscopic absorption length is defined
as La =
√
Dτa. The different length scales are illustrated in fig. 2.1.
Solving the diffusion approximation (eq. (2.5)) in 1D starting with a delta
peak shaped energy density at t0 = 0 in an infinite medium, leads to a Gaussian
9
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Figure 2.1: The microscopic absorption length ℓa and the macroscopic absorption length La
in multiple scattering are illustrated. L is the sample size.
distribution of the energy density at position x and time t [28]:
ρ(x, t) =
1√
4πDt
exp
(
− x
2
4Dt
− t
τa
)
. (2.6)
The variance ⟨x2⟩ of this distribution recovers the mean squared displacement
of the random walk model:
⟨x2⟩ =
∫
x2ρ(x, t)dx = 2Dt . (2.7)
As mentioned above in the random walk model, the transport mean free
path ℓ⋆ takes the role of the characteristic length scale of the path-length dis-
tribution. The exponential path-length distribution p(∆x) = 1
2ℓ⋆
exp(− |∆x|
ℓ⋆
),
that is the solution of the differential equation for the photon scattering pro-
bability, recovers the mean step length ⟨|∆x|⟩ = ℓ⋆ and shows a variance of
⟨∆x2⟩ = 2(ℓ⋆)2. It leads to a mean squared displacement of
⟨x2⟩ = 2sℓ
⋆
d
, (2.8)
with s = mℓ⋆ a photon path of m steps and d the dimension of the system.
Combining eq. (2.7) and eq. (2.8) and using the energy transport velocity
vE =
s
t
of the propagating electromagnetic wave gives a relation between the
10
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(a) (b)
Figure 2.2: Sketch of a random walk through a multiple scattering sample (a) without
and (b) with resonant scattering inside the scatterers. Resonant scattering can
strongly increase the times photons travel in a sample and change the mean
free path significantly.
diffusion coefficient D and the transport mean free path ℓ⋆:
D =
vEℓ
⋆
d
. (2.9)
Equation (2.9) shows the differences between the main measurable quantities
D and ℓ⋆ to characterize the transport of light in multiple scattering media.
While ℓ⋆ is a pure static property, D carries information about time scales of
the scattering in the sample via the energy transport velocity vE. It is not
trivial how resonant scattering (see fig. 2.2) acts on the mean free path and
the energy velocity. Both quantities can significantly be lowered by resonant
scattering. Thus, only a parallel measure of ℓ⋆ and D gives insides about the
dynamic scattering behavior.
In time of flight experiments, as performed in this thesis, the measured
property is the time-resolved intensity I(t). This property is connected via
Fick’s law to the photon density ρ as follows:
I(t) = −D∂ρ
∂z
, (2.10)
with z along the propagation direction of the incoming light. Equation (2.6) is
the solution of the diffusion approximation for a spread of a delta peak in an in-
finite medium. Experimentally the geometry of the multiple scattering samples
used for transmission experiments are slabs with a much larger (approxima-
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tely infinite) size in x and y direction (vertical to the propagation direction of
the incoming light) than in z direction. This slab geometry with the photons
entering the sample from one side can be solved analytically. Therefore, M.
Sto¨rzer [27] calculated the probability for a photon to travel from a point A to
a point B in a slab with boundaries using an image point method, as described
by Lenke et al. [26]:
ρ(zA, zB, t) =
2
L
exp(− t
τa
)
∞∑
n=1
exp
(
−n
2π2
L2
Dt
)
sin
(nπ
L
zA
)
sin
(nπ
L
zB
)
.
(2.11)
Now the transmitted intensity of a point source through a slab of thickness L
can be found with eq. (2.10):
I(t) = −2D exp
(
− t
τa
) ∞∑
n=1
(−1)n exp
(
−n
2π2D
L2
t
)
ℓ⋆
L
(nπ
L
)2
. (2.12)
This transmission formula is illustrated in fig. 2.3. The long time tail is gover-
ned by
I(t) ∝ exp
[
−
(
1
τa
+
π2D
L2
)
t
]
. (2.13)
Fitting eq. (2.12) to time of flight measurements as discussed in the experimen-
tal section allows to extract the absorption time τa and the diffusion constant
D of a specific sample.
Moreover, the path-length distribution function P (s) of a slab of length L,
with s a specific path, can be calculated from eq. (2.11) using D = vEℓ
⋆/3,
t = s/vE and τa = L
2
a/D:
P (s, L) =
2
L
exp
[
− sℓ
⋆
3L2a
] ∞∑
n=1
exp
[
−n
2π2sℓ⋆
3L2
]
sin
[
nπγ˜ℓ⋆
L
]
sin
[
nπ(L− γ˜ℓ⋆)
L
]
.
(2.14)
Here La acts as an exponential cut of length for long photon paths. The fac-
tor γ˜ = 1+ γ arises from the boundary conditions, which state that the diffu-
sion starts after distance z1 = γ˜ℓ
⋆ to the surface inside the sample and ends at
z2 = L− γ˜ℓ⋆. Here γ ≈ 2/3 [30] is the Milne parameter, which gives informa-
tion about up to which distance from the boundary the diffusion approximation
does not hold. Note that the exact value is not so relevant in transmission since
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Figure 2.3: Transmitted intensity I(t) of a multiple scattering sample in slab geometry
calculated from eq. (2.12).
γ˜ℓ⋆ is small compared to the mean path length ⟨s⟩. Equation (2.14) can be
used to calculate the field-field-correlation function for transmission speckle,
which will be discussed in sec. 4.3.1 about correlation functions.
2.2 Coherent wave transport
Coherence is a key concept in the field of wave transport in random media, such
as sound wave propagation [31, 4] or matter wave scattering [7, 32]. As seen
in the latter section, one can describe the propagation of waves in multiple
scattering media as a diffusion process. This holds as long as the coherent
contribution of the wave is neglected, but fails to explain phenomena ranging
from the celebrated Aharonov-Bohm effect for matter waves to ordinary speckle
patterns of light waves (see for example [1]) where interferences play a major
role.
2.2.1 The speckle pattern
For light the coherent part becomes important when the coherence length lc
is longer than the difference in path lengths of the photons traveling through
a multiple scattering sample. When coherent light waves are leaving a mul-
tiple scattering sample this leads to angular dependent fluctuations of the
transmitted/reflected intensity, arising from the constructive and destructive
interference of the waves. This granular pattern is called speckle pattern. In
the case of an uncorrelated multiple scattering random walk process speckle
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show an exponential intensity distribution. Changing the scatterer positions
by moving scatterers (e.g., in a solution), changes the relative phase of the
photons and thus changes the observed speckle pattern. Beside a movement of
the scatterers, the magneto-optical Faraday rotation can cause such a phase
change. Later in this thesis transmission speckle will be used to study the
phase change on photon paths in magneto-optical media.
2.2.2 Coherent backscattering
Averaging over an ensemble of speckle patterns leads to a mean intensity. But
even when the speckles are smeared out an intensity enhancement in backscat-
tering direction, the so called coherent backscattering cone, can be observed.
This effect has its origin in the interference of photons traveling on the same
path but in opposite direction. Photons from the same incident plane wave
propagating on such time reversed paths collect the same phase on their way
through the sample (see fig. 2.4(a)). These photon pairs form a specific angu-
lar dependent oscillating interference pattern with constructive interference in
exact backscattering direction, similar to the interference pattern of a double
slit experiment. For a plane wave illuminating the sample surface, there are
different possible time reversed pairs of paths, which differ in their distance
vector r parallel to the sample surface. Each interference intensity is then given
by 1 + cos(qr), with q = k| sin(θ)| (see dashed lines in fig. 2.4(b)). Averaging
over all these fringe spacings and weighting them with their occurrence proba-
bility leads to the so called coherent backscattering cone (CBC, see red line in
fig. 2.4(b)). Since all patterns interfere constructively in exact backscattering
direction, this leads to a two-fold enhancement in backscattering decaying with
an angular scale of 1/(kℓ⋆) for an incoming spatially and temporally infinitely
extended plane wave [33]. At larger angles, the minima and maxima of the
different patterns superimpose and average to a background of unity.
The dependency of the cone width on the transport mean free path ℓ⋆ can
be used in experiments to measure ℓ⋆. The exact theory (in the diffusion ap-
proximation) of coherent backscattering is described in ref. [1, 26, 34]. One
can calculate the photon density in the backscattering geometry ρback for a
semi-infinite medium, as done for transmission in eq. (2.11) (see e.g. ref. [35]).
Assuming a non-absorbing, multiple scattering sample and a plane, uniform
wave impinging perpendicular to the sample surface and having an infinite
spatial and temporal coherence, the coherent part αc and the incoherent part
αd of the photon flux backscattered from the sample can be evaluated. The
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Figure 2.4: (a) Scheme of time reversed paths: The photon traveling on the black and the
red paths collect the same phase, such that they interfere constructively in ex-
act backscattering geometry. (b) Schematic of the self-averaging process over
all interference patterns from different time reversed paths. The black dashed
curves show the angular dependent oscillations of the interference pattern for
two paths with different distance vectors r. The red curve is the so called Cohe-
rent Backscattering Cone (CBC) originated from the average over all possible
paths with an enhancement of two in the backscattering direction.
incoherent part is called the Diffuson and can be written as follows [36, 1]:
αd(θ) =
3
4π
µ
(
z0
ℓ⋆
+
µ
µ+ 1
)
, (2.15)
with µ = cos(θ) and z0 the average penetration depth of the photon density,
that is assumed to be z0 = γℓ
⋆ ≈ 2
3
ℓ⋆ [1]. The coherent part is called the
Cooperon and states:
αc(θ) =
3
8π
1−exp(−2qz0)
qℓ⋆
+ 2µ
µ+1(
qℓ⋆ + µ+1
2µ
)2 , (2.16)
where q = k| sin(θ)|. In this expression the cone tip (around θ = 0) has a
triangular shape. These small angles correspond to long scattering paths. These
paths can be cut off in experiments by absorption or by a limited coherence
length. This leads to a rounding of the cone tip. To account for absorption,
the wave vector q can be substituted by q → qa =
√
q2 + (Dτa)−1 with τa the
absorption time. For samples with high refractive index, a large fraction of
the light going to leave the sample is reflected back into the sample because
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of the large refractive index difference. This artificially extends the diffusive
paths and narrows the cone. The correction of the cone shape for internal
reflections was calculated by Zhu et al. [37] and can be taken into account in
the penetration length:
z0 = γ
(
1 +R
1−R
)
ℓ⋆ , (2.17)
with R the reflectivity of the sample. In the calculation of the reflectivity as
shown in ref. [37] a fixed value for the refractive index of the sample needs
to be given. For the samples used in this thesis the Maxwell Garnett effective
refractive index as explained in sec. 3.2.2 was used if not stated differently.
The energy enhancement of the coherent backscattering cone seems to vi-
olate energy conservation. Fiebig et al. [38] calculated a correction term αe
to preserve it. They validated their model on experimental data. The angular
integral over the corrected cone needs to vanish to account for it:∫ π/2
0
(αc + αe) sin(θ)dθ ≡ 0 (2.18)
This leads to an approximate correction term of [38]:
αe = − a
(kℓ⋆)2
µ
µ+ 1
. (2.19)
As can be seen from the scaling with kℓ⋆ this term becomes relevant for strongly
scattering samples. The normalization parameter can be calculated with [36]:
a =
∫ π/2
0
αc sin(θ)dθ∫ π/2
0
1
(kℓ⋆)2
µ
µ+1
sin(θ)dθ
. (2.20)
Reference [38] gives an approximated value of a = 1.15 for the correction term.
Equation (2.16) together with eq. (2.19) can then be used in the experiments to
measure the transport mean free path ℓ⋆ by fitting the coherent backscattering
data, using the absorption and the diffusion constant of the sample as obtained
by ToF measurements as well as accounting for internal reflections (eq. (2.17).
The coherent backscattering effect was the first evidence for the interference
of light waves on time reversed paths in multiple scattering samples [8, 9] and
is a manifestation of weak localization. It is therefore often seen as a precursor
of Anderson localization or strong localization, described in the next section.
16
2. Coherent multiple light scattering 2.2. COHERENT WAVE TRANSPORT
Figure 2.5: Schematic of the reciprocal paths in a multiple scattering sample as a simplified
picture of the mechanism behind (Anderson) localization. The photon traveling
on the black and the red path collect the same phase, such that they interfere
constructively in exact backscattering direction.
2.2.3 Anderson localization
Anderson localization describes a wave transport phenomenon in a random
scattering potential. One contribution to Anderson localization comes from
the constructive interference on reciprocal paths, as already introduced in the
latter section for waves at a boundary of the sample. These interferences can
lead to a halt of diffusion in a bulk when the disorder is strong enough. Histori-
cally it was first predicted by P.W. Anderson in 1958 for electronic systems [14].
For electrons this is connected to a disorder induced metal insulator transi-
tion [39], scaling with the disorder as the control parameter. As an interference
phenomenon, Anderson localization can be generalized for all kind of waves [40]
such as matter waves [16, 17, 41, 42], ultrasonic waves [15] or electromagnetic
waves [13].
Here I start with a very simplified picture to describe the contribution of
interferences on transport behavior2. Figure 2.5 shows a random scattering
path and the same path traveled in the opposite direction in the bulk of a
sample. The constructive interference of these reversed paths leads to an en-
hanced backscattering probability, known as weak localization. This enhanced
return probability can slow down transport if every scatterer is seen as a star-
ting point of time reversed scattering paths (widely studied in the so called
self-consistent theory).
Increasing the scatterers density (and accordingly the scattering strength)
increases the return probability. This and more complex interference contribu-
2For a detailed summary of the theories behind Anderson localization see for example ref. [2].
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tions can lead to a halt of diffusion. The transition from a diffusive to a localized
state, also called the mobility edge, scales with the scattering strength 1/kℓ⋆
and was predicted by Ioffe and Regel for electronic systems [43]. Their criterion
is believed to be also valid for light and predicts the transition to take place
at kℓ⋆ ≈ 1. This criterion implies that a wave is scattered several times within
one wavelength which shows that the mentioned picture is a rough simplifica-
tion of the real transport process since the concept of wave propagation breaks
down in this limit.
As mentioned in ref. [2], rather than thinking of propagating extended plane
waves one should think of standing waves confined in space with long lifetimes
in the localized regime.
The dimension of the system
The above-mentioned phase transition only exists for three (or higher) dimen-
sional systems. This can be understood in terms of the return probability of
a random walker as stated in Po´lya’s random walk theorem [44]. This math-
ematical treatment of a random walker on an integer lattice concludes that
for infinite system the return probability p(d) of dimension d is unity for one
or two dimensional systems (p(1) = p(2) = 1). For three dimensional systems
Po´lya showed that the return probability is smaller than one and more preci-
sely p(3) ≈ 0.34 [45]. This means for large enough systems, there is always a
finite probability for the photons to return to their origin in 1D and 2D. Dif-
fusion may come to a halt because of interference, so these systems are always
localized for L → ∞ even for low disorder with kℓ⋆ ≫ 1. More precisely the
role of the dimension of the system is theoretically described in the scaling
theory of localization [46, 3].
Finite system size can influence transport in all dimensions, even in 3D
systems with high enough disorder to show localization. The microscopic lo-
calization length ℓloc describes the mean path length of localized modes. With
this quantity one can define a macroscopic localization length
ξ =
√
ℓ⋆ℓloc
3
(2.21)
that is associated with the mean spatial extend of the localized modes in the
sample. When the sample size is in the order of that length scale L ≈ ξ localized
modes leak out of the sample and may become diffusive.
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Time dependent diffusion
The concept of slowed down diffusion in the localized regime already introdu-
ced in the latter section is recovered in the so called self-consistent theory. By
including interference effects in the diffusion ansatz Vollhardt and Wo¨lfe deve-
loped a diffusion theory for 2D infinite media [47, 48] that predicts a position
and time dependent diffusion coefficient. Van Tiggelen et al. [49] generalized
this theory for finite size systems. For infinite size a renormalized diffusion
coefficient is found
D = D0
(
1− 1
(kℓ⋆)2
)
, (2.22)
which recovers the Ioffe-Regel criterion and shows a scaling of the coherent part
of the wave with 1/(kl∗)2. D0 is the diffusion constant of the normal diffusion
approximation. Later Skipetrov and van Tiggelen [50] expanded this theory
to 3D systems in slab geometry. They allow a position dependent diffusion
coefficient to account for boundaries of the sample where the localized modes
leak out of the system. In their paper they show analytically a time dependency
of the diffusion coefficient in the localized regime
D(t) ∝ 1
t
. (2.23)
The halt of the diffusion in the localized regime is recovered in this time de-
pendency of the diffusion coefficient:
⟨r2⟩ = D(t)t = const. (2.24)
A time dependency of the diffusion coefficient was already noticed by Berko-
vits and Kaveh [51]. They calculated the time dependent transmitted intensity
I(t) of a delta peak shaped pulse through a slab of a multiple scattering sample
in the localizing regime using the rescaled diffusion coefficient D(t) as done in
sec. 2.1.1 for the diffusive regime (see eq. (2.12)):
I(t) = −2 l
∗
L
(nπ
L
)2
exp
(
− t
τa
) ∞∑
n=1
(−1)n+1
(
D(t)
D0
)2
exp
(
−n
2π2D(t)
L2
t
)
.
(2.25)
From this we already note that the time resolved transmitted intensity is a
measurable quantity to look for signs of localization in experiments.
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(a) (b)
Figure 2.6: Sketch of the transmission profile measurement method: (a) In case of locali-
zation the photon cloud (orange) is confined while it expands linear with the
sample size L (see dashed lines) in case of diffusion. ξ is the localization length.
Figure taken from ref. [28]. (b) A raw image of a measured transmission profile
of R104 (L ≈ 1 mm) 4 ns after the initial laser pulse is shown. The contour
plot shows the corresponding fit. Figure taken from ref.[19].
Time and spatial resolved transmission
Measuring the time resolved transmission through a multiple scattering sample
gives insights into the multiple scattering processes. Properties such as the
diffusion constant D and the absorption time τa of the samples can be accessed
as described in sec. 2.1.1 and by comparing the photon flight times to the
diffusive behavior, one can search for signs of localization.
The long time tail of time of flight measurements is still strongly influenced
by the absorption of a material. Moreover, to my knowledge there is no widely
accepted and experimental verified analytic description of the time dependent
diffusion in the localized regime. Cherorret et al. [52] suggested to measure the
time and spatially resolved transmission (the so called transmission profile,
TP) through multiple scattering slabs. They use the self consistent theory to
calculate the width σ of the spread of the photon cloud through a slab shaped
multiple scattering sample when illuminated with a pulsed, focused beam on
one side and imaged on the opposite side in the diffusive and the localizing
regime (see fig. 2.6(a)).
In the diffusive case the width grows linear in space (σ2diff ≈ 2L2/3) and the
the mean squared width grow linear in time [53]:
σ2diff(t) =
∫
ρT (ρ, t)d2ρ∫
T (ρ, t)d2
= 4D0
[
1− 1
(kℓ⋆)2
]
t , (2.26)
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where T (ρ, t) is the time and space dependent transmission. In this equation
the absorption cancels out as it appears in the denominator and in the nu-
merator as an exponential term exp(−t/τa). This independence of absorption
is an advantage above earlier developed measurement tools. Nevertheless, the
measured transmission is still lowered by absorption.
In the localized regime ℓ⋆ ≪ ξ ≪ L the mean squared width is predicted to
be time-independent in the long time limit when the photon cloud expanded
on scales larger than the localization length [53]:
σ2loc = 2ξL = const. (2.27)
2.3 Experimental setups and samples
In this section I first introduce the experimental setups to measure the time
(and space) resolved transmission in a multiple scattering sample, namely the
time of flight (ToF) and the transmission profile (TP). Moreover, I present one
of our coherent backscattering cone (CBC) setups, which is used to characterize
the scattering strength of the multiple scattering samples.
As the Ioffe-Regel criterium states, Anderson localization of light in a 3D
sample can only be reached in strongly scattering materials. The scattering
cross section strongly increases with the refractive index contrast between the
scatterer and the surrounding medium. Thus, the materials used to observe
light localization should have a high refractive index. Another requirement
for light localization experiments is that the photons should be able to travel
long times in the sample. Otherwise they will get absorbed before they can
be observed experimentally. The absorption length acts as a cutoff length for
long scattering paths. Therefore, the used materials should also have a low
absorption in the preferred wavelength range. In the second part of this section,
I will describe materials that fulfill these properties and were used in this thesis.
2.3.1 Time of flight and transmission profile
The time resolved transmission is measured by illuminating a multiple scatte-
ring sample with a pulsed laser whose pulse length is much shorter than the
time of flight of the photons in the sample (which is in the nanosecond range
in the performed experiments). Using a detector with time resolution in the
picosecond range, such as a photomultiplier (PM) or an ultrafast gateable ca-
mera, single photons can be resolved. The setups used for the ToF and the TP
width measurements are described with all details in ref. [36]. In this thesis I
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Figure 2.7: Sketch of the Time of flight (ToF) and Transmission Profile (TP) setup with
either a Ti:Sa laser (pumped by a Nd:YVO4 laser) followed by an OPO or a
white light laser (Fianium WL-SC-400) followed by a laser line tunable filter
(LLTF) as a light source. For the TP measurement the laser beam is focused on
the sample surface and a high rate intensifier (HRI) followed by a CCD camera
is used as detector while for the ToF setup the sample is placed in front of a
photomultiplier (PM). A bandpass filter can be added in front of the detector
for spectral measurements.
used minor modified versions of these setups.
As shown schematically in fig. 2.7 two different pulsed laser systems were
used as light source. Most of the time a titanium sapphire (Ti:Al2O3) laser (Co-
herent HP Mira) pumped by a frequency doubled, diode pumped Nd:YVO4
cw-laser (Laser Quantum, finesse pure) with an output of P = 16 W at
λ = 532 nm was used. The titanium sapphire oscillator was mode locked
to obtain pulses with a width of ≈ 250 fs at a central wavelength of 790 nm.
It is tunable between 700-1000 nm. These pulses are coupled into an optical-
parametric-oscillator (OPO) from APE where the light is frequency converted
(output tunable between 550-650 nm via the input wavelengths). This is done
by performing a nonlinear three photon process followed by a second harmonic
generation process down conversion in the visible via two nonlinear crystals.
The cw output power of this system is P ≈ 0.5 W at 590 nm with a spectral
width of ∆λ ≈ 1 nm. The pulses generated in the HP Mira have a repetition
rate of 76 MHz, which corresponds to measurement windows of 13.2 ns between
two pulses. To extend this time a pulse picker can be used that picks every
15th pulse with a contrast ratio of 500:1 using an acousto-optical modulator.
The laser intensity is regulated using absorbing OD filters before the sample
is illuminated.
The advantage of this laser system is the relatively high output power which
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allows for measurements of relatively thick and/or strongly scattering samples.
I replaced this light source by another pulsed laser, to extend the accessible
wavelength range. A white light laser (Fianium, WL-SC-400-8) with a total
output power of P ≈ 8 W in a wavelength range of 400-2500 nm was used.
The pulses are in the picosecond range (strongly depending on the wavelength)
and the system has a repetition rate of 80 MHz. The white light pulses are
coupled in a spectral tunable filter (Fianium, LLTF VIS) that uses two spectral
overlapping Bragg gratings to tune the wavelength between 400-1000 nm with
a spectral width of 2.5 nm and an average output of 4 mW/nm.
The detection is made by a single photon counting method with time reso-
lution in the picosecond range. This is realized with a photo multiplier (HPM-
100-40, Becker & Hickel GmbH) for the ToF measurements. The acquisition
card has 1024 time channels which leads to a time resolution of 19.5 ps for
a measurement window of 20 ns. Thus, the laser pulses should be as delta
shaped, but are broadened by the electrical response of the system. This re-
sponse is then convoluted with eq. (2.12) to fit the data. A detailed description
of the analysis can be found in ref. [36]. A bandpass filter (FWHM= 10 nm)
is placed between the sample and the detector for spectral measurements.
The photons have to be measured time and space resolved to measure the
TP width. In this setup the laser beam is focused with a lens (typically f =
200 mm) on the sample surface as sketched in fig. 2.6(a). An ultra fast gateable
camera system is used as a detector. It consists of a high rate intensifier (La
Vision, PicoStar, HRI) and a 16 bit monochromatic CCD (Andor Ikon, 512×
512 pixels). The HRI can have an amplification of 360000 and the gate opens
in 1 ns with time steps of 0.25 ns. The samples’ surface is imaged with a
lens (f = 25 mm, Schneider Kreuznach) on the HRI. The magnification is
calibrated by using a mm grated paper in place of the sample. The exposure
of the camera was chosen to be 600 ms. For each time step twenty images were
averaged. A background defined close to the edge of the image was substracted
before the transmission profile width was fitted by a Gaussian:
I(x, y) = Imax exp
(
(x0 − x)/σ2x + (y0 − y)/σ2y
2
)
, (2.28)
with Imax the maximum intensity of the Gaussian profile at the center position
(x0, y0). An image of a measured TP with its fit (contour) is shown in fig. 2.6(b).
The square of the obtained width σfit =
σx+σy
2
is then plotted against the
observational time and corrected by an offset which accounts for a finite spot
size of the incoming focused beam on the sample surface. More details can be
found in ref. [54].
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2.3.2 Large angle coherent backscattering cone
The width of the CBC is proportional to 1/kℓ⋆. Thus, the width of the cone
becomes very wide for strongly scattering samples such as TiO2 powders. A
large backscattered angular range should be measured to measure ℓ⋆ of such
highly scattering samples. I therefore used a coherent backscattering cone setup
recording angles from −60◦ to 60◦ as described in ref. [55, 35, 28, 54]. The setup
is shown schematically in fig. 2.8(a).
The spectral tunable white light laser system was used as a light source. The
beam is focused through an entrance hole in the half circle mount (1.2 m in
diameter) of the 256 photodiodes which are the detectors. The beam is focused
with the focal point at the diodes position to minimize the non-measurable
angles in the backscattering direction. At small angles (< 9.75◦) photodiode
arrays (Hamamatsu, S5668) are used for a higher resolution of 0.15◦ at the cone
tip while at larger angles (< 19.55◦) single photodiodes (Hamamatsu, S4011)
are used with a resolution of 0.7◦. For even larger angles (< 60◦) the same
diodes are positioned with a resolution of ≈ 1◦. The illuminating beam passes
a circular polarizer before inciding on the sample. The filter wavelength range
(380-780 nm) limits the spectral measurements. Another circular polarizer foil
in front of the photo diodes filters single scattering events. The sample is
mounted on a rotating motor to average out the static speckle pattern during
the measurement.
Before entering the measurement arc, the parallel beam is led through an op-
tical density (OD) filter wheel which is used for calibration of the photodiodes
at different incident intensities. I implemented the filter wheel to automatize
the calibration procedure as it has to be performed in spectral measurements
for every used wavelength. The filter wheel changes the intensities from the
minimal detectable intensity up to the diodes saturation value (using filters
with OD 2.0 to OD 0.0). The reflecting OD filters are varied automatically by
rotating the filter wheel via a motor controlled by the calibration program. A
reference intensity is measured by splitting a part of the beam with a glass
slide and leading it on a power meter via a lens. All diodes have a different
response function and are thus calibrated before each measurement for each
wavelength. A teflon sample is used for calibration as it has such a narrow
cone that only the incoherent background (eq. (2.15)) is detected by the dio-
des. The incoherent background is then subtracted from the data as described
in ref. [36]. Accounting for all mentioned calibrations, the CBC of a sample
can be extracted as the one shown in fig. 2.8(b) for a commercial TiO2 pow-
der (R700, DuPont) measured at a wavelength of λ = 670 nm. The data can
then be fitted (red solid line) by eq.(2.16) accounting for energy conservation
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(a) large angle CBC setup
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Figure 2.8: (a) Sketch of the large angle coherent backscattering cone setup: A beam from
a spectral tunable laser passes an OD filter wheel and a glass slide that splits
parts of the beam for calibration. The beam is then focused trough a small
entrance in a half circle mount for photodiodes, which records the backscattered
light of a sample illuminated by the light beam. The beam passes a circular
polarizer before inciding on the sample. Another polarizer is mounted in front
of the photodiodes. The sample is mounted on a rotating motor. (b) The cone
data (black dots) of a TiO2 powder sample R700 from DuPont measured at
λ = 670 nm and the corresponding fit (red solid line) are shown.
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(eq.(2.19)) and internal reflections (see eq.(2.17)). In this case, a transport
mean free path of ℓ⋆ ≈ 294 nm was obtained.
2.3.3 Commercial titanium dioxide
Most setups used in this thesis work in the visible part of the spectrum of
light due to well developed optical sources and detectors in this wavelength
region. This fact, as well as the interest in technological applications in this
frequency regime, implies that we use a material with a high refractive index
combined with a low absorption in the visible region for the preparation of
strongly scattering samples.
A good candidate is titanium dioxide (TiO2) which is, beside the aforemen-
tioned properties, commercially easily available and widely studied in material
science. The high band gap Ebg ≈ 3.05 eV of titanium dioxide [56], which
corresponds to a wavelength of λ ≈ 400 nm makes it an ideal material for
multiple scattering experiments in the visible.
There are three main polymorphs of titanium dioxide in nature (brook-
ite, anatase and rutile) with anatase and rutile the most stable phases. Ana-
tase has a refractive index of n ≈ 2.5 at λ = 589 nm and a density of
ρ = 3.89 g/cm3 [57]. Rutile has a density of ρ = 4.26 g/cm3 and is strongly bi-
refringent with a refractive index of no = 2.6 and ne = 2.9 at λ = 589 nm [57].
Synthesizing leads to an amorphous phase of TiO2 with a density varying bet-
ween 3.2−3.65 g/cm3 and a refractive index varying between n = 2.0−2.5 [58].
Near the band gap the refractive index is strongly wavelength dependent.
Amorphous TiO2 changes irreversibly to the anatase phase when heating above
400◦C. The formation of the rutile phase sets in around 600− 700◦C.
Mie scatterers with a size in the order of the wavelength are preferred to
obtain strong scattering behavior as will be argued in sec. 3.1. In the Konstanz
group, we have been working for a long time with multiple scattering samples
made of commercially available powders of titanium dioxide from DuPont and
Sigma-Aldrich. They have high polydispersities in the range between 25-47%
with a mean diameter varying from 170 to 283 nm. The powders are characte-
rized in detail in refs [27, 35, 28, 36]. To obtain densely packed powders in slab
geometry, the powders are pressed to tablets in sample holders as shown in
fig. 2.9. This leads to filling fractions of approximately f ≈ 0.5. The powders
are pressed between two glass plates to perform transmission experiments. One
glass plate can be removed from the holder for CBC experiments to guaran-
tee for a flat sample/air surface (see (3) in fig. 2.10(a)) to avoid additional
reflections by the glass.
Deviations from classical diffusion have been observed for three powders from
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Figure 2.9: Image of the three main parts of the sample holders used to press the com-
mercial TiO2 powders. The lid (left) can be screwed on the cylindrical holder
(middle) before the powder is filled in the holder and pressed with the stamp
(right).
DuPont in the rutile phase (R700, R902 and R104)[19]. These white powders
have an inverse turbidity kl∗ of 2.8, 3.4 and 3.7 at 590 nm[36]. Anatase as
well as rutile powders from Sigma-Aldrich (respectively abbreviated AA and
AR) with kl∗ = 6.4 and 5.2 did not show any deviation from the diffusive
behavior in ToF measurements [51, 59]. AA has a mean particle size of 170 nm
with 47% polydispersity and AR has a mean particle size of 540 nm with 37%
polydispersity [36].
In the experiments especially R700 was investigated due to its low kl∗ ≈ 2.8
value (at λ = 590 nm) and its strong deviations from diffusion [19]. Its mean
particle diameter d = 283 nm with a polydispersity of 30% was reevaluated by
measuring the size of 200 particles from scanning electron microscope (SEM)
images (see fig. 2.10(b)).
2.4 Earlier experiments on 3D Anderson
localization of light
Experimental verification of Anderson localization in 3D systems has been a
challenging task for more than 50 years. There are several experimental reports
ranging from ultrasound [15] to ultra cold atoms [16, 17, 41, 42] and most
importantly for this thesis: light [60, 61, 18, 19]. But doubts have been raised
concerning the interpretation of some of these results in terms of localization
of light waves ([62, 63, 64] and [65, 66]) and for ultra cold atoms [67, 68]. In
the following section I want to point out some experimental methods used to
observe light localization and show some earlier results that were interpreted as
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(a) sample holder (b) SEM image R700
Figure 2.10: (a) Image of the teflon sample used for calibration of the large angle CBC (1),
a R700 powder from DuPont (2), and a pressed TiO2 powder in the sample
holder (3). (b) Scanning electron microscope image of R700. Scale bar: 1 µm.
Anderson localization of light in 3D and questioned after or will be questioned
in this thesis.
Static transmission
Early claims of light localization were based on the measurement of the static
transmission through slabs of strongly scattering semiconductor powders [60].
In diffusive (kℓ⋆ ≫ 1) sufficiently thick (L ≫ ℓ⋆) and absorbing slabs, the
transmission scales with exp (−L/La), with La the macroscopic absorption
length. In contrast, in the localization regime the total transmission is do-
minated by the localization length and is proportional to exp (−L/ξ) on top
of absorption [62]. Wiersma et al. [60] interpreted an experimentally obser-
ved exponential decay of the static transmission as light localization ignoring
absorption in their grinded gallium arsenide powders. The same data was ex-
plained later by absorption only [62, 63, 64], such that localization effects can
be excluded in these measurements.
Time resolved transmission
As mentioned earlier, the time resolved transmitted intensity is an experi-
mental measurement tool to look for time delayed photons as signs of light
localization. Sto¨rzer and coworkers [18, 59, 69, 70] observed deviations from
diffusive behavior for the long time tail in time of flight measurements through
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Figure 2.11: Time of flight measurements of three TiO2 (Ti-Pure (a), R902 (b) and R700
(c)) powder samples fitted by diffusion theory (red lines). The corresponding
values of kℓ⋆ are given in the figures. The respective values of the absorption
length are indicated by the slope of the blue dashed lines. The figure is taken
from ref. [18] and modified.
disordered, highly scattering powders of titanium dioxide (TiO2) and inter-
preted them as signs of localization. They increased the scattering strength
(decreasing kl∗ by using different commercial TiO2 powders) from kl∗ = 6.3,
where pure diffusive behavior was observed, to kl∗ = 2.5, where clear deviati-
ons from diffusion occur (see fig.2.11). They fit their data with eq. (2.25) using
an empiric time dependent diffusion coefficient [59]
D(t) = D0
τaloc
(τmloc + t
m)
a
m
, (2.29)
with τloc the localization time (the time the photons travel before localization
effects set in), a the localization exponent, and m a crossover exponent that
describes the scaling from diffusion to localization. Their data were interpreted
as a first observation of a transition from a diffusive to a localizing state for light
waves in a multiple scattering sample. Let us note here that this interpretation
will be questioned later in this thesis as published elsewhere [54, 71].
Spatial and time resolved transmission
In the same TiO2 samples Sperling et al. [19] observed a plateau in the trans-
mission profile width for long times as expected from localization. Figure 2.12
shows measurements of the transmission profile (TP) for a lower scattering
sample with kℓ⋆ = 6.4 (a) that behaves purely diffusive and a stronger scat-
tering sample with kℓ⋆ = 2.7 (b) that shows clear deviations from classical
diffusion. Equation (2.27) shows that the width σ2 gives a direct measurement
of the localization length ξ. Sperling et al. [19] obtained a localization length
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Figure 2.12: Time dependent measurements of the mean squared width σ2 of the trans-
mission profile for different TiO2 powder samples: (a) Aldrich Anatase with
kℓ⋆ = 6.4 shows a linear increase in time as predicted for diffusive samples.
(b) DuPont R700 with kℓ⋆ = 2.7 shows a plateau for long times as predicted
for the localized regime. Figure taken from ref. [19].
of ξ = 670 µm in the long time limit for the sample measured in fig. 2.12(b).
The data set on transmission profile measurements shown here, the time of
flight distributions shown above, as well as the static transmission measure-
ments published in several articles [18, 59, 69, 70, 19, 66, 72] led to a consistent
interpretation of light localization in 3D samples made of titanium dioxide.
This will be questioned in the next section by new careful experimental tests.3
2.5 Questioning the localization interpretation
In this section I will show sensitive experimental tests on light scattering using
the same TiO2 powders as Sto¨rzer et al. [18] and Sperling et al. [19] that
question their data interpretation of light localization. I performed these ex-
periments at the beginning of my doctoral studies.4
3Doubts have also been raised earlier [65], but no experimental tests to proof these concerns
were performed at this time.
4This section on experimental tests in commercial “white paints” is taken in large parts
literally from a publication of my own and coworkers [54].
30
2. Coherent multiple light scattering 2.5. QUESTIONING THE LOCALIZATION INTERPRETATION
In
te
ns
ity
 (
a.
u.
)
10−5
10−4
10−3
10−2
10−1
100
time (ns)
0 2 4 6 8 10 12
0.000000000000000000e+00
0.000000000000000000e+00
0.000000000000000000e+00
0.000000000000000000e+00
0.000000000000000000e+00
0.000000000000000000e+00
0.000000000000000000e+00
0.69 mm
0.58 mm
0.40 mm
0.31 mm
0.21 mm
(a) R700
In
te
ns
ity
 (
a.
u.
)
10−5
10−4
10−3
10−2
10−1
100
time (ns)
0 2 4 6 8 10 12
I_measured
I_measured
I_theoret ical
I_theoret ical
0.72 mm
0.27 mm
(b) Aldrich anatase
Figure 2.13: (a) Size dependent ToF distributions for R700 starting from a small sample
size (L = 0.69mm) going down to very thin sample sizes (L = 0.21mm).
The diffusive fit (solid gray line) does not match at long times. Black lines
(guide to the eye) are shown to emphasize the exponential behavior. (b) ToF
distributions for a thick (L = 0.72mm) and a very thin (L = 0.27mm) AA
sample are shown. The diffusion fit (solid gray lines) matches perfectly. The
incident wavelength is 590 nm for all measurements. Figure same as in ref. [54].
2.5.1 Samples thinner than the previously inferred
localization length
In the localized transport regime, the theory of Anderson localization pre-
dicts the waves to be confined within a certain length scale, the localization
length ξ. In previous experiments, this length was obtained from TP measu-
rements, finding ξR700 = 670µm for R700 [19]. It is expected that decreasing
the thickness of the slab-shaped samples well below the localization length will
lead to a reduction of the localization signatures since large spatial localizing
modes should be significantly disturbed by boundary effects as described in
sec. 2.2.3. Figure 2.13 shows ToF distributions of AA and R700 for various
thicknesses L. A series of R700 samples, where the largest sample is just as
thick as the earlier evaluated localization length, can be seen in fig. 2.13(a). For
comparison, fig. 2.13(b) shows two AA samples. A diffusive fit using eq. (2.12)
for the thinnest and the thickest sample of each material is shown (gray lines).5
For all R700 samples, even those in the L < ξ regime, a clear deviation from
the diffusion theory is present at long times. The photons in the long time
tail seem to occur as a second exponential (black lines in fig. 2.13(a)) with
5The noise in the fit-curves is due to the convolution of the theory-function with a measured
laser reference pulse[72].
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a larger time constant. In contrast, all AA closely follow the diffusion theory
predictions. These experimental observations are a first sign that the previous
observed deviations from diffusion [18, 19] cannot consistently be explained by
light localization.
2.5.2 Lowering the turbidity
As introduced in sec. 2.2.3 Anderson localization in 3D occurs as a disorder
driven phase transition. The disorder is quantified by the turbidity (kℓ⋆)−1
as obtained from the width of coherent backscattering cone. A sensitive test
to check whether the long time tail originates from a second process different
from localization is to strongly decrease the disorder (increase kℓ⋆). In previ-
ous experiments the turbidity was varied by using different powders [18] (see
fig. 2.11) and by changing the incident wavelength [19, 72]. Here the accessible
range of kℓ⋆ is expanded by lowering the refractive index contrast between
the particles (refractive index of n ≈ 2.7 [57]) and the surrounding medium,
increasing thus the transport mean free path ℓ⋆, by replacing the surrounding
medium air (n = 1) by H2O, agarose gel (n ≈ 1.33) or glycerol (n = 1.47 at
λ = 589 nm [73]) as a surrounding medium. The optical thickness ℓ⋆/L was
kept constant by increasing the sample thickness to obtain similar flight times
in time of flight experiments.
Figure 2.14(a) shows a ToF distribution (black curve) of R700 surrounded by
agarose gel. Coherent backscattering [38, 55] was used to quantify kℓ⋆ ≈ 10.
Measuring the same sample with a 590 nm bandpass filter (10 nm FWHM;
BP590, orange squares in fig. 2.14(a)) in front of the detector, as described in
ref. [72], allows us to probe the light transmitted at the incident wavelength.
Diffusive fits for both measurements are plotted in gray. The ToF with filter
follows the expected distribution for diffusive transport better than the non
filtered one which shows a much more pronounced upturn for the long-time
tail. This long-time tail must thus have been wavelength shifted, and is unlikely
to be caused by localization since kℓ⋆ ≈ 10 should be far in the diffusive
regime. The same measurement was also performed with water or glycerol as
surrounding medium, leading to the same results. Using agarose as matrix led
to solid samples and avoids experimental difficulties with sedimantation of the
TiO2 particles in the matrix medium.
Similarly, signs of localization are tested with the TP method [19] by sus-
pending R700 in water and evaluating the transmission profile width with and
without the 590 nm bandpass filter (see fig. 2.14(b)). The width of the trans-
mitted profile should show a linear increase for a diffusive sample [52]. The data
without filter (black dots) show a deviation from the linear diffusive increase
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Figure 2.14: ToF distributions (a) and TP widths (b) for a fixed incident wavelength λinc =
590 nm with (orange squares) and without (black dots) bandpass filter set to
the incident wavelength (FWHM 10nm). In (a) a sample (L = 2.3± 0.1mm)
of R700 solved in agarose gel was used. The gray lines show diffusion fits
for both curves. Inset: backscattering cone used to determine the mean free
path (ℓ⋆ = 1.0 ± 0.1µm)[55]. In (b) R700 powder was solved in H2O (ratio
1 : 1). The profile width was determined following ref.[19]. Figure same as in
ref. [54].
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of the width at long times. This deviation occurs similar to the one observed
in ref. [19], but in a higher kℓ⋆ regime. The same results were obtained for the
TP with glycerol as surrounding medium. Note that for both measurement
methods (ToF and TP) the data with a bandpass filter show deviations from
classical diffusion [72]. However, the filter has a FWHM bandwidth of 10 nm
and thus some wavelength shifted light can still pass to the detector.
In conclusion, measuring ToF’s and TP’s, wavelength shifted photons le-
ading to kinks at long times are observed, which were earlier interpreted as
localization signatures. These observations are now present in a regime of low
turbidity where no localization effects are expected.
2.5.3 Refitting static transmission data
In early experiments in the Konstanz group, indications of localization were
found in static transmission measurements in an exponential scaling exp (−L/ξ)
on top of absorption exp (−L/La) performed on slabs of R700 [59, 69]. Devia-
tions from diffusion were found to be consistent with the inferred localization
length extracted from localization fits ([51], eq. 2 in ref. [59]). The static trans-
mission data could not be explained by absorption only in contrast to earlier
experiments by Wiersma et al. [60] which were explained by simply absorp-
tion [62, 64].
At this time the absorption length was obtained as a result of the mentioned
localization fit on the ToF distributions, and gave a result of La = 157µm ( [59],
see black line in fig. 2.15). Extracting the absorption length by fitting only the
diffusive part of R700 ToF distributions by diffusion theory yields a smaller
average absorption length of La = 106.5 ± 8.8µm than the one obtained by
the localization fit6. This new absorption length value allows us to re-interpret
the static transmission data of ref. [59, 69]. The exponential decay is now
explainable by absorption alone (gray dashed line in fig. 2.15).
2.5.4 Transmission profile of Aldrich Rutile
The same exponential signatures of localized light and absorbed light in static
transmission data make it very difficult to distinguish these effects and should
be handled with care. A clear data analysis can only be guaranteed by an
absorption-independent time-resolved method such as the transmission profile
6Despite better data evaluation, a diffusion fit instead of a localization fit was used nowadays.
It turned out that the diffusion fit results in reliable absorption times for all samples of
one powder, whereas the localization fit did match the data poorly and produced scattered
(and quite different) absorption times.
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Figure 2.15: Total transmission of a R700 sample as a function of sample thickness L
normalized to l∗. Same data as in ref.[69]. The gray dashed line shows an
exponential according to the absorption length La = 106.5µm with an error
of ±8.8µm (red lines) obtained by new diffusion fits to the ToF data that will
be shown in fig. 2.22(a). The absorption decay can explain the data, without
assuming localization effects. The black line shows an exponential according
to La = 157µm, as obtained in ref.[59]. Figure same as in ref. [54].
width measurements from Sperling et al. [19]. In the following I will show that
also in this method, data analysis has to be handled with care and earlier
observed deviations from diffusion in the TP of AR can be explained without
localization effects.
While all measured TiO2 powders from DuPont (e.g. R700) have similar
absorption times (τa ≈ 1 ns), Aldrich Rutile shows less absorption (and thus
longer absorption times τa ≈ 5− 6 ns). This leads to very long flight times in
the ToF measurements with times well above the time window between the
laser pulse and its afterpuls(es) (∆t ≈ 13.2 ns for a repetition rate of 76 MHz).
Using a pulse picker which weakens the afterpulses intensity up to three orders
of magnitude, a ToF of Aldrich Rutile can still be measured (see fig. 2.16(a),
black dots).
Aldrich Rutile shows a diffusive ToF which is disturbed only by the second
afterpulse. No deviations from diffusion are observed and a measurement with
a BP590 filter on the incident wavelength λinc = 590 nm shows the same
ToF behavior (see fig.2.16(a), orange squares). But, as mentioned in ref. [36],
Aldrich Rutile shows a plateau in the TP width measurement. In fig.2.16(b)
a TP measurement of Aldrich Rutile solved in water is shown (black dots).
With a filter on the incident wavelength the same plateau is observed. In this
low scattering regime this plateau cannot be interpreted as localization, but
a wavelength dependent effect such as in the DuPont powders can also be
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Figure 2.16: ToF distributions (a) and TP widths (b) for a fixed incident wavelength λinc =
590 nm with (orange squares) and without (black dots) bandpass filter set to
the incident wavelength (FWHM 10nm). In (a) a sample (L = 1.2± 0.1mm)
of Aldrich rutile was used. The gray line shows the measured laser reference.
In (b) Aldrich rutile powder was solved in H2O (ratio 1 : 1). The profile width
was determined following ref.[19].
excluded. Reference [36] mentioned problems in the evaluation of the TP data
due to afterpuls effects. A detailed image analysis showed that the afterpulse
(note that even with pulse picker an afterpulse with a contrast of 500:1 is
present, see sec. 2.3.1) will be shifted in space (due to the optical setup inside
the pulse picker) and thus enters the sample slightly at a different position. This
leads to a shifted TP of the afterpulse overlapping with the TP of the initial
laser pulse at large times. The measured width of the TP will be influenced
by this shift for Aldrich Rutile where long flight times, longer than ∆t, are
measured. While characterizing this data analysis problem, another evaluation
problem was noticed. An image background is subtracted in the data analysis
before the TP width is fitted. The background was taken from the edge of the
images up to a certain distance to the TP center. This distance was fixed in the
evaluation process to values appropriate for the DuPont powders. Due to the
long flight times and thus wide profiles of Aldrich rutile the background needs
to be evaluated very close to the edge of the images for the Aldrich Rutile
powder. Evaluating the background closer to the edge of the images leads
to different profile results for Aldrich Rutile (see fig. 2.17(b)), but did not
influence the result of the DuPont powders (see fig. 2.17(a)). The red squares
show the old data analysis while the black circles show the new data analysis.
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Figure 2.17: Refitting TP width data using a different background analysis (see text): In
(a) a sample (L = 1.0±0.1mm) of R700 was measured at λinc = 580 nm. The
profile width was determined with an old data evaluation approach following
ref.[19] (red squared) and a new approach described in sec. 2.5.4 (black dia-
monds). In (b) a sample (L = 1.1 ± 0.1mm) of Aldrich rutile was evaluated
the same way at λinc = 580 nm.
For Aldrich Rutile a linear increase of the profile width can be observed now
as expected from diffusion. Still a kink is observed at the time where the
afterpulse disturbs the image analysis. For the DuPont powders and Aldrich
Anatase the new analysis does not alter the results of the TP width due to the
shorter photon flight times.
2.5.5 Weak fluorescence signals
A first crude spectral analysis of the ToF distribution for a sample consisting
of R700 embedded in agarose was shown in fig. 2.14(a). This measurement
indicates that the deviation in the long-time tail originates from wavelength
shifted photons with respect to the incident value λinc = 590 nm. In figure 2.18
I further investigate the spectral shift of the photons in the long-time tail.
ToF’s of a pure R700 sample were measured using different filters, similarly
to measurements performed in ref. [72]. The distribution with no filter between
the sample and the detector (black dots) shows a strong upturn of the long-time
tail. A measurement with a bandpass filter around 590 nm reveals that the non
wavelength shifted light propagates through the sample diffusively7 (orange
7Up to the small effect in the late time due to the finite width of the BP590 which was
already discussed in sec. 2.5.2.
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Figure 2.18: ToF distribution of a R700 sample (L = 0.83mm) measured without fil-
ter (no filter), a bandpass filter around 590 nm (BP590), a shortpass filter
600 nm (SP600) and a longpass filter above 550 nm (LP550) with an incident
wavelength λinc = 590 nm. The red-shifted photons show a long-time tail,
indicating a fluorescence while the blue shifted and non-shifted light behaves
purely diffusively. Figure same as in ref. [54].
squares). A measurement with a shortpass filter blocking all photons above
600 nm (blue down triangle) highlights that the long time tail is dominated
by red-shifted light: the long-time tail is blocked by the SP600 filter. The ToF
using a longpass filter for wavelengths above 550 nm (red up triangle) nearly
matches the measurement with no filter, strengthening the observation of a
signal in the red-shifted region.8
In the spectral study shown in fig. 2.18, all the photons in the long-time tail
occur as red-shifted light. In fig. 2.14(a) the long-time tail occurs for wavelength
shifted photons in a low scattering regime. An exponential behavior of the long-
time tail in ToF distributions for very thin samples is observed in fig. 2.13(a).
All together, these observations suggest that localization claims do not hold
anymore and that a lifetime process, such as fluorescence, is most likely the
source of these photons.
Thus, in order to quantify the origin of the long-time tail in the ToF and
the kink in the TP measurements I searched for a fluorescent signal in the
visible region. The white paint powders were therefore spectrally analyzed in
a sensitive micro-luminescence microscope setup, further described in ref. [74].
The light source is a widely tunable pulsed ps-laser system and the detector is
an EMCCD9 placed behind a monochromator grating. In all samples that were
8These observations are in contrast to earlier observations published in ref. [69], in which a
problem with the used filter cannot be excluded.
9Electron multiplying charge-coupled device
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Figure 2.19: (a) Emission spectra of R700 (dark red dots), R902 (red triangles), R104
(orange diamonds) and AA (black squares) with λinc = 485 nm using a long
pass 500 nm filter (LP500) and a laser power of P = 50µW. (b) ToF measu-
rements of the same powders. Vertical lines indicate the deviation of the data
from the purely diffusive behavior as shown by diffusion fits (grey and white
lines). The thickness of the samples differ with R700 (L = 0.83 mm), R902
(L = 1.12 mm), R104 (L = 0.92 mm) and AA (L = 0.72 mm).
previously claimed to localize (R700, R902, R104) a weak fluorescent signal is
observed with a broad emission in the visible range. The photo luminescence
(PL) spectra of R700, R902, R104 and AA are shown in fig. 2.19(a). All samples
are excited at λinc = 485 nm with a laser power of P = 50µW. A longpass filter
500 nm was used to filter the scattered laser light. R700 shows the strongest
signal followed by R902 and R104. For AA no fluorescent signal within the
sensitivity of the setup is observed. This relative intensity dependency follows
the material dependent kl∗-scaling of the observed deviations from diffusion
in ref. [27, 18, 28, 19, 36]. Figure 2.19(b) shows ToF measurements for these
powders. The start of the deviations from the diffusive fit (grey and white
lines) are highlighted with vertical dashed lines. The same scaling is observed
as in the PL spectra. R700 shows the strongest deviations followed by R902
and R104 while AA shows no deviations.10 No fluorescent signal was detected
for a rutile phase powder from Aldrich (data not shown) consistent with the
observation in sec. 2.5.4, excluding the rutile phase to be the origin of the
deviations from diffusion.
Measurements of the fluorescent lifetime of the samples were possible with
a Hanbury-Brown-Twiss experiment followed by an avalanche photodiode (see
ref.[74]). An average lifetime of τL = 3.85±0.07 ns was extracted from exponen-
10The absolute flight times vary due to the different thicknesses L of the prepared samples.
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Figure 2.20: Lifetime measurements in a R700 sample for two different incident wave-
lengths (585 nm (orange squares) and 561 nm (green dots)). The correspon-
ding bi-exponential fit is shown as a black line. The first exponent corre-
sponds to the electronic setup response and can be neglected. Figure same as
in ref. [54].
tial fits to lifetime measurements for two incident wavelengths λinc = 585 nm
and λinc = 561 nm (see fig. 2.20).
In ref. [72] an increase of the long-time tail for shorter wavelength was ob-
served, explained by the wavelength dependency of kl∗. Figure 2.21(a) shows
PL spectra of R700 for three different incident wavelengths. For shorter wa-
velength, the PL spectra increases as can be seen in the inset of fig. 2.21(a)
in a range from 540 nm to 590 nm. This measurement explains the increase of
the long-time tail in ToF distributions and stronger deviations for TP’s with
decreasing wavelength without assuming localization effects.
The power dependent study of the fluorescence of R700 in fig. 2.21(b) shows
an increase with increasing incident power. The inset of fig. 2.21(b) shows the
power dependent integrated intensity. A slight saturation is observed as ex-
pected from fluorescence. This is in contrast to the nonlinear power dependent
increase of the long-time tail in ToF distributions in ref. [28, 72, 36], which
have found an increase in the long-time transmitted intensity with higher po-
wer. This might be due to the fact that the ToF was measured in transmission,
while the fluorescence spectra were recorded in reflection. A volume of satura-
tion for the fluorescence excitation located near the incident surface, growing
with incident intensity, would explain such geometrical difference.
The occurrence of this fluorescence only in powders from DuPont led to
the search of impurities in these white paint materials. An elementary analysis
showed 0.2% of carbon in R700, which could originate from organic material. In
AA and AR no carbon was found, consistent with the absence of a fluorescent
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Figure 2.21: (a) PL spectra for three incident wavelengths (540 nm (blue dots), 565 nm
(green squares) and 580 nm (red diamonds)) are shown using a longpass
595 nm filter (LP595). Inset: integrated PLE spectra for λinc between 540
and 590 nm (arbitrary unit). (b) PL spectra for three laser powers (60µW
(red dots) 20µW (orange squares) and 10µW (yellow diamonds)) with
λinc = 485 nm using a longpass 500 nm filter. Inset: integrated PLE spectrum
for laser power between 1µW and 60µW. Figure same as in ref. [54].
signal.
2.5.6 A time delaying fluorescent diffusion model
In this section I am going to study how inelastic effects other then absorption
can alter the functional form of the time of flight (eq. (2.12)). I consider here
a fluorescent process, where photons are absorbed with a certain probability
and are then reemitted on a red-shifted wavelength after some fluorescent
decay time. This changes the temporal expand of the diffusive cloud if the
measured photons are not spectrally resolved. In a very simplified picture one
can think of a fluorescent process as of an excitation of an electron via photon
absorption in a three level system from the electrons ground state to an excited
state. This is followed by a non-radiative decay to a more stable excited state
(e.g. via vibrational relaxation). Afterwards there is a spontaneous emission
back to the ground state. The spontaneous emitted photon has a lower energy
than the absorbed photon and is thus red-shifted in wavelength. Moreover, the
decay time of the spontaneous emission is typically longer (in the nanosecond
range) than the non-radiative decay (in the picosecond range). The following
model has already been published by myself and coworkers in ref. [54] and was
developed in collaboration with Mirco Ackermann.
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To account for such inelastic scattering in experiments the time of flight
(ToF) intensity distribution I(t) and the time dependent width of the trans-
mission profile (which is a time and spatially resolved transmission measu-
rement), both known from the diffusion theory [51, 59, 52], are extended by
including a fluorescence decay. Let us assume that there is an absorption rate
rfl by which photons traveling through the sample are absorbed. Those pho-
tons are re-emitted after a time td with a probability density proportional to
exp(−td/τfl), τfl being the fluorescence lifetime. For a photon that, without flu-
orescence, takes a time tsc to travel through the sample, this gives a probability
density of being delayed by an additional time td due to fluorescence of
p(tsc, td) = (1− rfl tsc)δ(td) + rfl tsc exp(−td/τfl)∫∞
0
exp(−t′/τfl) dt′
. (2.30)
The first term of the sum takes into account the photons that were not delayed
(td = 0), while the second describes those which participated in a fluorescence
event. Here it is assumed that the absorption rate rfl is sufficiently small such
that re-absorption of fluorescent photons can be neglected.
Let us recall that I(tsc) is the intensity of photons that arrive at time tsc
without fluorescence. The intensity Ifl(t) of a sample showing fluorescence can
now be calculated by integrating I(tsc = t− td) over all delay times, weighted
by the delay probability density p(t−td, td) that the photons take an additional
time td due to fluorescence. This gives a ToF distribution of
Ifl(t) =
∫ t
0
I(t− td)p(t− td, td) dtd . (2.31)
For the transmission profile width, I(t) in eq. (2.31) needs to be replaced by a
position dependent intensity distribution I(r, t) to give a 2D profile Ifl(r, t) from
which the width can be calculated according to ref.[52]. For fitting experimental
ToF and the TP width data, the curves calculated with eq. (2.31) can be
convoluted with the time dependent detector response function.
This model can now be used to test whether the measured fluorescent signal
suffices to explain old and new data of ToF and TP width measurements in
TiO2 samples. In figure 2.22 ToF and TP measurements of R700 for different
sample thickness are shown and fitted (black lines) with the extended diffusion
equations that include fluorescence (eq. 2.31). The corresponding ToF distribu-
tion and TP width are always fitted together with the same set of parameters.
Each dataset was fitted with only four free parameters: the fluorescence rate
rfl, the (usual) absorption time τa, the diffusion constant D and an offset to
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Figure 2.22: Measured ToF distributions (a) and TP widths (b) of R700 for different sam-
ple sizes L. ToF data taken from ref.[36]. TP data taken from ref.[19]. Diffusion
fits including fluorescence from eq. 2.31 with fixed τfl = 3.85 ns are shown as
black lines. For each sample size, the corresponding ToF and TP are fitted
together, the ToF in log space and the TP in real space. The ToF depends
only on three fit parameters (rfl, τa and D), so does the TP (rfl, D and an
offset to compensate the finite size of the illuminating beam).
compensate the spot size enlargement caused by the finite size of the illumina-
ting beam in the TP measurements. Note that the fluorescence lifetime is not
fitted, but set to τfl = 3.85 ns as obtained from lifetime measurements shown
in fig. 2.20. The second exponential in the ToF’s is recovered very well by this
decay time. In general, a remarkable good agreement with the data is obser-
ved. The upturn of the long-time tail in the ToF distributions can be explained
by the extended theory. Furthermore, all features of the TP width measure-
ments can be explained with this extended diffusion model, in particular the
thickness dependent saturation and narrowing at long times, without invoking
localization effects (contrary to ref. [19]). The latter appears essentially be-
cause photons on relatively short diffusion paths (arriving at the backside of
the slab at times t < τmax) contribute mostly to the central part of the TP
and thus, their fluorescence signal, which is delayed by the fluorescence life-
time, appears mostly in the central part of the TP. This effect gives rise to the
peak in the TP width. The fits give an average fluorescence absorption rate of
rfl = 0.0044±0.0006 ns−1, an average diffusion constant of D = 11.9±0.7m2/s
and an average absorption time of τa = 0.92± 0.03 ns.
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2.6 Conceptual and experimental difficulties in
observing Anderson localization of light in 3D
In the last section I presented new measurements that show features previously
interpreted as signs of Anderson localization [18, 59, 69, 70, 19, 66, 72], but
in regimes where no localization should occur. ToF measurements of very thin
samples (L < ξ) still show deviations from diffusion, contrary to an expected
transition to pure diffusion in the Anderson localization picture. Furthermore,
lowering the turbidity (kl∗)−1 by changing the surrounding medium of the
scattering particles does not affect the long-time tail. This is also unexpected
for Anderson localization since kℓ⋆ is well above the expected transition value
for these samples. It was also shown that the static transmission data of ref. [59,
69], previously interpreted as a localization signature, can be actually described
with absorption only, further weakening the interpretation of localization. All
deviations from diffusion in an Aldrich Rutile TiO2 powder are explained by
a data evaluation problem.
Besides the aforementioned observed inconsistencies, the deviations from
diffusion occurred as a red-shifted signal in ToF distributions. Thus, PL spectra
are measured for all mentioned powders in a fluorescence microscope setup,
with the result that all powders earlier claimed to localize (R104, R700, R902)
show a weak fluorescence signal in the visible. Probably by chance, the samples
with low kl∗ (reached either by using different samples or by changing the
incident wavelengths) are those where the fluorescence signal is the strongest.
Finally, the modified diffusion theory including a lifetime process (introdu-
ced in sec. 2.5.6) is able to fit all data, both ToF’s and TP’s, with excellent
agreement. A measured lifetime of the fluorescence is used in the fits as a fixed
parameter and explains the second exponential decay very well.
These results strongly suggest that all deviations from pure diffusion in the
commercial “white paint” powders are caused by a weak fluorescence and do
not originate from Anderson localization. Chemical analysis of the powders
showed that they additionally contain carbon, implying the fluorescence to
originate from organic impurities. However, the exact origin of the fluores-
cence is still unknown due to the low concentration of the impurities and the
commercial origin of the powders.
In summary, Anderson localization of light in 3D has still not been observed
yet, neither in the infrared (reported in[60], questioned in ref.[62] and refuted in
ref.[64]) nor in the visible (reported in[18, 19], questioned in ref.[65] and refuted
in this thesis and ref. [54]). This conclusion is also summarized in ref. [71] and
conceptual problems in observing light localization are further discussed.
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I will now give some insights in conceptual and experimental difficulties with
no claim for completeness. Although attempts have been made with higher re-
fractive index materials (macroporous GaP – bulk refractive index of 3.3 – [61],
Ge powder – bulk refractive index of 4 – [75]), they all failed to reach the loca-
lization transition. Theoretical predictions suggest that near field effects could
suppress Anderson localization of light in 3D in densely packed samples, but
only the case of point scatters was considered [76]. Also, numerical simulations
and experimental data explored these effects further, but so far in the diffusive
regime only and neglecting positional correlations of the scatterers [24]. In a
recent experimental study Naraghi and Dogariu [77] show that evanescent-field
coupling might hinder wave localization via measurements of the path length
distributions in strongly scattering TiO2 samples varying the particle packing
fraction.
Moreover, the simple picture of Anderson localization introduced in sec. 2.2.3
neglects that light is a vector wave. The effect of the polarization and the role
of the transverse as well as the longitudinal component of the electromagnetic
field in Anderson localization is not fully understood yet [78]. The difference
between scalar and vector waves is the polarization of the light, which is scram-
bled in multiple scattering and thus the return probability of the photons with
the same phase (and consequently the transition to Anderson localization)
might be influenced.
Altogether, with the experimental observations in the latter chapter one can
raise the question if this is the end of 3D Anderson localization of light? The
present reasonable answer is no: it has just not been observed yet. The quest
should continue with advanced high index “white paint” samples, getting rid
of any fluorescent signal (or at least careful data analysis), and by increasing
the scattering strength to currently unreached low kℓ⋆ values (either in the
visible or in the IR). This might be achieved in a controlled way by tuning
the scattering to resonances in photonic glass materials or as suggested by
ref. [78] in hollow or coated spheres. The latter is realized by Jimenez-Villard et
al. [79] in coated but random shaped particles solved in ethanol. But their data
interpretation (claim of Anderson localization in 3D) should be handled with
care due to their low scattering caused by the low refractive index contrast
solution. Moreover, their data analysis uses nonphysical effective refractive
index values (higher than that of the pure material index value). A detailed
study of resonant light transport in photonic glasses will follow in the next
chapter.
Furthermore, the role of disorder in, e.g., hyperuniform structures as studied
by ref. [80] numerically, might be investigated in lower dimensional experimen-
tal systems where Anderson localization can be reached. The same systems
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might be suitable for studying the role of the vector character of electromag-
netic waves.
The experiments designed for observing Anderson localization in 3D mainly
used static or dynamic transmission properties such as photon flight times
to search for this phenomenon. Influencing one contribution of Anderson lo-
calization of light, namely constructive interference on reciprocal scattering
paths, via the magneto-optical Faraday effect as discussed by myself and co-
workers [81], might be a more advanced testing tool for Anderson localization
in 3D. This idea will be investigated further in chapter 4 and chapter 5.
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Chapter 3
Light transport in photonic glasses
As I showed in sec. 2.1 multiple scattering can be described as a random walk
with a mean step length ℓ⋆. In this chapter I describe a model that calculates
this quantity via the single scattering cross section and by taking into account
structural correlations and near field coupling in densely packed samples. First,
a closer look on single scattering processes is given. Then, a possible pathway
to observe Anderson localization of light in 3D in future experiments is studied
by engineering the transport mean free path ℓ⋆. Therefore, light transport in
densely packed (low and high index) photonic glasses is modeled and studied
experimentally to tune the scattering behavior and learn about light propaga-
tion in resonant “white paint” materials.
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3.1 Scattering of electromagnetic waves
Macroscopically, light scattering occurs if there is a spatial change in the in-
dex of refraction n. This can be due to a boundary between two materials,
impurities or inhomogeneities in the medium. Depending on the size ratio of
the scattering region (e.g. for a spherical scatterer, the radius r divided by the
wavelength λ of the light), different single scattering regimes can be distinguis-
hed. I first introduce a simple picture of the refractive index of “dielectrics”
following ref. [82, 83] before discussing the different scattering regimes.
Refractive index
When an electromagnetic wave propagates in a medium other than vacuum,
the electric field E disturbes the charges of the atoms. The incoming oscilla-
ting wave induces dipole oscillations of the atomic charge cloud with the same
frequency ω. The charges will radiate their own electromagnetic field but with
a phase delay. These radiated fields will superimpose with the incoming elec-
tromagnetic wave and the superposition will be the wave propagating in the
medium. This phase delay leads to a slowing down of the wave in materials
with n > 1. The induced dipole oscillations depend on the polarizability α(ω)
of the specific material. The Clausius Mosotti equation gives a relation between
the microscopic polarizability α(ω) and the macroscopic permittivity ϵ:
ϵ(ω) = 1 +
3Nα(ω)
3ϵ0 −Nα(ω) , (3.1)
with N the particle number density and ϵ0 the vacuum permittivity. This
simple equation illustrates already that the refractive index, which is the square
root of ϵ, will increase for materials with higher particle densities as for anatase
and rutile phase TiO2 compared to amorphous TiO2.
In the next two paragraphs, I describe the two scattering processes studied
in this thesis.
Geometrical optics
Geometrical optics is the regime in which the spatial region of index variation
is much larger than the wavelength of the scattered light (r ≫ λ). Here the
refraction is described by Snell’s Law. For a plane incoming wave propagating
in a medium with index n1 and being refracted at the boundary to a media
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with index of refraction n2 it states:
n1 sinα = n2 sin β , (3.2)
with α and β the angle of incidence and of refraction. This law states a depen-
dency of the scattering angle on the refractive index.
The ratio of the reflected to the refracted light is given by the Fresnel equati-
ons which can be found from Maxwell ’s equations and the continuity condition
of the tangential component of the electric field E and the normal component
of the magnetic field B. Here I only consider the very simplified case of nor-
mal incident light as performed in transport experiments in chapter 5. The
reflection coefficient R and the transmission coefficient T of the amplitude of
the electromagnetic waves can be expressed as follows [84]:
R =
n1 − n2
n1 + n2
T =
2n1
n1 + n2
. (3.3)
The reflectance ρ and the transmission τ of the boundary, which are the cor-
responding intensities, can then be calculated by taking the square of the
absolute value of R and T and dividing by the index of refraction of the me-
dium for the incident wave n1 and multiplying by the index of refraction the
wave propagates in after scattering:
ρ = |R|2 · n1
n1
=
(
n1 − n2
n1 + n2
)2
, (3.4)
τ = |T |2 · n2
n1
=
(
2
√
n1n2
n1 + n2
)2
. (3.5)
These coefficients are used in this thesis to calculate the multiple scattering
behavior through a stack of glass slides. Here one can already conclude that a
high refractive index difference leads to a large reflection amplitude or in other
words to strong scattering.
Mie scattering
When the size of the scatterer is comparable to the wavelength of the scattered
light (r ≈ λ) one needs to solve Maxwell ’s equations for specific scatterer geo-
metries [85]. While for arbitrarily shaped scatterers this is analytically difficult,
Mie developed an analytic solution for a plain electromagnetic wave scattered
by a spherical particle [86]. The scattering cross section σs, which is the ra-
tio between the intensity scattered through a surface of a sphere surrounding
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Figure 3.1: The scattering efficiency Qsca of a spherical scatterer is calculated for different
size parameters using the analytic expressions from ref. [85]: There resonances
are called Mie resonances. Left: n = 1.6 (polystyrene); Right: n = 2.7 (rutile
TiO2).
the scatterer and the incident intensity, can vary strongly with the size pa-
rameter r/λ in this solution. These so-called Mie resonances, which rise from
resonant modes of the electromagnetic waves inside the scatterer, are shown in
fig. 3.1 for two different refractive indices n of a spherical particle with radius
r in vacuum (n0 = 1.0). Here the scattering efficiency Qsca = σs/A is plotted,
with A = πr2 the particle cross-sectional area. As can be seen, the height and
sharpness of the resonances increase strongly with increasing refractive index
contrast. The refraction indices shown here represent typical index contrasts
used in 3D scattering experiments performed in this thesis.
Mie scattering is strongly angle dependent and can lead to strongly enhanced
forward scattering for spherical particles. In figure 3.2(a) the angular depen-
dency of the scattering is shown for a Mie scatterer with radius r = 250 nm, a
refractive index n = 2.7 in vacuum for a wavelength λ = 590 nm. The scatte-
ring amplitude is plotted for perpendicular and parallel polarization regarding
the scattering plane. Moreover, the mean (natural polarization) is plotted. The
scattering geometry is sketched in fig. 3.2(b).
The extinction cross section, which is the sum of the scattering and the
absorption cross section (σext = σabs + σs), can be calculated by the optical
theorem [85]:
σext =
4π
k2
Re (f(θ = 0)) (3.6)
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Figure 3.2: (a) Angular dependent Mie scattering: Normalized scattering amplitude F (θ)
for perpendicular, parallel and natural polarized light (respective to the scat-
tering plane) for a Mie scatterer with radius r = 250 nm, a refractive index
n = 2.7 in vacuum for a wavelength λ = 590 nm. (b) Sketch of the scattering
geometry with the incoming field E0 (split into a parallel and perpendicular
polarized component to the scattering plane) and the scattering angle θ.
with k = 2π
λ
the wave vector of the light wave and f(θ = 0) the forward
scattering amplitude. The scattering cross section is then given by the angular
integral over the intensity form factor F (θ, φ) = |f(θ, φ)|2:
σs =
∫ 2π
0
∫ π
0
F (θ, φ)
k2
sin θdθdφ , (3.7)
with θ the scattering angle and φ the angle between the laboratory coordinate
system and the field coordinate system (e.g., Ex and E∥) . More explicitly for
a plane wave scattered by a spherical particle the scattering cross section is
given by:
σs =
2π
k2
∞∑
l=1
(2l + 1)(|al|2 + |bl|2) , (3.8)
with al and bl the Mie coefficients calculated with the use of Bessel functions
of first and second order. The resulting resonances (see fig. 3.1) can lead to
strongly enhanced scattering for specific size ratios. If and how such resonances
can survive in densely packed multiple scattering samples is part of the study
in this chapter.
For particles much smaller than the wavelength of light λ, the incident plain
wave can be considered to be homogeneous over the scatterers size [87] such
that the scatterer can be simplified to a Hertzian dipole and scattering can
be described by Rayleigh theory which is also included in the more general
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Figure 3.3: Sketch of the relevant length scales in a multiple scattering sample. The dif-
ference of the scattering mean free path ℓs and the transport mean free path
ℓ⋆ for Mie scatterers is shown. The Mie scattering cross section is sketched in
black.
Mie-scattering solution.
3.2 A scattering model of photonic glasses
Let me start the description of the light transport in photonic glasses with
a derivation of the mean free path ℓ which was already introduced as the
characteristic length scale of the random walk of the photons in the multiple
scattering regime. The scattering mean free path ℓs, which is the path length
between two scattering events (see fig. 3.3), can be expressed using the scat-
tering cross section σs and the density of scatterers ρs
ℓs =
1
ρsσs
. (3.9)
If the system size L is smaller or in the order of magnitude of this length scale,
the system is in the ballistic scattering or single scattering regime. For L≫ ℓs
multiple scattering events take place. A detailed description of the mean free
path can be found in several text books, e.g. in ref. [26].1
1The description of the transport mean free path and the effective refractive index is taken
in large parts literally from a publication of myself and coworkers [88].
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3.2.1 Transport mean free path
The photonic glasses studied in this thesis are assemblies of Mie scatterers
which show an anisotropic scattering behavior (enhanced scattering probabi-
lity in forward direction, see fig. 3.2(a)). The anisotropy leads to a correlation
between scattering events in the direction of the photon transport. The aniso-
tropy factor
⟨cos θ⟩ =
∫
cos θσ(θ)dΩ∫
σ(θ)dΩ
(3.10)
can be used to account for this in the calculation of the mean free path. The
scattering mean free path is then replaced by the transport mean free path in
the random walk model
ℓ⋆ =
ℓs
1− ⟨cos θ⟩ . (3.11)
For isotropic scatterers, e.g., Rayleigh scatterers, the anisotropy factor is zero
and the transport mean free path equals the scattering mean free path (ℓ⋆ = ℓs,
see fig. 3.3).
In the case of an assembly of monodisperse spherical Mie scatterers eq. (3.11)
can be written as follows:
ℓ⋆ =
1
1− ⟨cos θ⟩
4πr3
3fσs
. (3.12)
Here r is the radius of the Mie spheres and f the filling fraction of the sp-
heres in the sample. Both the scattering cross section σs and the anisotropy
factor ⟨cos θ⟩ of each scattering event in the multiple scattering regime can be
expressed in terms of the form factor F (θ) (scattering properties of the single
sphere) and the structure factor S(θ) (collective scattering of the sample) [20,
21]
σs =
π
k2
∫ π
0
F (θ)S(θ) sin θ dθ, (3.13)
⟨cos θ⟩ =
∫ π
0
cos θF (θ)S(θ) sin θ dθ∫ π
0
F (θ)S(θ) sin θ dθ
. (3.14)
The intensity form factor F (θ) of a sphere is calculated by the Mie-theory [85]:
F (θ) = |f1(θ)|2 + |f2(θ)|2 , (3.15)
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with the amplitude functions
f1(θ) =
∞∑
n=1
2n+ 1
n(n+ 1)
(anπn(cos θ) + bnτn(cos θ)) , (3.16)
f2(θ) =
∞∑
n=1
2n+ 1
n(n+ 1)
(bnπn(cos θ) + anτn(cos θ)) . (3.17)
Here an, bn are the Mie coefficients calculated with the use of Bessel functi-
ons of first and second order and πn, τn are angle functions obtained using
Legendre polynomials. If the colloids are randomly packed hard spheres, one
can calculate S(θ) by using the Percus-Yevick structure factor [89]
S(q) = 1/(1− nρc˜(q)) . (3.18)
Here q = 2k sin θ/2 with k = 2π/λ and λ the wavelength of the light in the
surrounding medium. c˜(q) can be calculated via the Ornstein-Zernike equation
and nρ = (6f)/πr
3 is the number density that can be expressed via the volume
fraction f and the scatterer radius r.
Using this description, Fraden and Maret [20] were able to describe the effect
of short-range correlations of the scatterers positions on multiple scattering of
light in PS spherical colloids (r = 230 nm) suspended in water with filling
fractions up to 45% (refractive indices nPS = 1.60 in nH2O = 1.33). However,
when the average distance between nearest colloids is of order of the light
wavelength, near field effects start to play a role in the transport properties [24].
These near-field effects are not caught in F (θ) when calculated with the bulk
refractive index of the surrounding medium. Moreover, S(q) depends on the
surrounding refractive index via λ as well. As I will show in the following
section, the presence of other scatterers in the direct vicinity can be taken
into account by defining an effective refractive index neff for the surrounding
medium.
This effect was not considered in ref. [20], but does not alter much that
analysis because of the relatively low refractive index contrast between polys-
tyrene and water. As will be shown in the experimental part of this thesis, a
proper estimation of neff is necessary when dealing with higher refractive index
contrasts (like polystyrene in air, n0 = 1). A first attempt to describe near-field
effects was recently proposed by ref. [24], but takes into account only the fact
that each scattered photon does not reach the far field limit before being re-
scattered, but leaves out that the surrounding medium effective index lowers
the scattering compared to a freestanding scatterer in vacuum. The model pre-
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sented in the following section takes into account both effects by considering
that each scatterer in a densely packed random assembly is embedded in a
properly estimated effective medium.
3.2.2 Effective refractive index
Beside the need of an effective index theory that takes into account the resonant
behavior of Mie scatterers, different effective medium theories were developed
in the quest of an appropriate description of transport properties in the high
concentration regime in multiple scattering samples.
The energy transport velocity vE of a wave propagating in a random medium
is lowered with respect to the speed of light in vacuum, vE =
c
neff
, neff being the
effective refractive index of the complex material. For very small concentrations
of scattering particles neff tends towards the refractive index of the matrix
medium nm. If the sample is completely filled by the particle medium, neff
converges to np. The easiest way to define an effective refractive index which
captures this behavior is
neff = fnp + (1− f)nm. (3.19)
This is only valid for extreme situations of very low or very high filling fractions
f . Advanced models have to be developed that take into account correlation
effects, resonant behavior and near field coupling.
Maxwell Garnett refractive index
Another way to calculate the effective refractive index is the Maxwell Garnett2
mixing formula [90]
nMG = nm
√
1 +
3fK
1− fK (3.20)
with K =
n2p−n2m
n2p+2n
2
m
. The latter model is more physical than eq. (3.19) because
it assumes that the polarizabilities are additive, not the refractive indices.
Nevertheless, even if the derivation of eq. (3.20) assumes the scatterers to
be spherical, it completely neglects resonant scattering (the fact that energy
can be stored in Mie scatterers for certain radius over wavelength ratios).
2Note that this refractive index theory is named after James Clerk Maxwell (prename)
Garnett (surname).
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Coherent Potential Approximation
Beside the need of an effective index theory that takes into account the reso-
nant behavior of Mie scatterers, the coherent potential approximations and its
advances developed from the quest of an appropriate description of transport
properties in the high concentration regime in multiple scattering samples.
Earlier van Albada et al. [91] developed a theory using a Bethe-Salpeter equa-
tion that describes the energy transport velocity vE very well in the regime of
low f consistent with experiments at f = 0.36. With their theory it was shown
that experimentally obtained low values of the diffusion constant D = vEℓ
⋆
3
can
be related to low values of vE due to resonant Mie scattering and a correspon-
ding energy storage process and not to low values of ℓ⋆ which would signify
localization [22]. For high filling fractions (f = 0.6) experimental data is much
better anticipated by advanced versions of the so called coherent potential
approximation (CPA) [92].
In the “genuine” CPA [93, 94] a medium of two lossless materials consisting
of spheres with radius r, refractive index np and a volume fraction f in a host
material with refractive index nm is considered. Each point in the medium
will be either in a region with np with a probability f , or in a region with
nm with a probability 1 − f . The medium is modeled by spheres of radius
r having a refractive index given by the aforementioned probabilities. The ef-
fective refractive index is then found such that the averaged forward scattering
amplitude vanishes,
fFp(0) + (1− f)Fm(0) = 0, (3.21)
with Fp (resp. Fm) being the differential scattering cross-section of a sphere
of refractive index np (resp. nm) embedded in a medium having the effective
refractive index neff .
This approach neglects topological and geometrical differences between the
scattering spheres and the host material, e.g., for high f the host spheres are
not only less probable but also have to have smaller radii. The real random
system would be much better estimated by a mixture of coated sphere (where
the scatterer with np is coated by a spherical region of host material nm)
and of spheres (of refractive index nm). Equation 3.21 (this time with Fp the
differential scattering cross-section of the coated sphere) is then solved in the
same way as in the classical CPA to obtain the effective medium refractive
index nCPA self-consistently. In this approach the coating thickness varies with
f . Due to the condition that the spheres should not overlap, the distribution
of spacings between neighboring spheres has a peak at rc > r with rc = r/f
1/3.
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This advanced version of the CPA has the advantage of taking into account
short range order and thus fits to experimental data quite well in the high f
regime [92].
Energy Coherent Potential Approximation
In the classical CPA the energy density is homogeneous by construction. This
can be violated in the coated CPA approach because of the coated sphere as the
basic scattering unit. For low f (large coatings) this leads to unphysical beha-
vior near the single sphere Mie-resonaces, e.g. refractive indices smaller than 1
such that vE > c. Therefore, a new CPA approach was developed by Busch
and Soukoulis [95], the so called Energy-density Coherent Potential Approxi-
mation (ECPA). Here the termination criterion for the iterative determination
of the effective refractive index nECPA is that a homogeneous energy density
ρE on scales larger than the basic scattering unit is reached. This approach is
schematically shown in fig. 3.4.
Figure 3.4: Energy-density Coherent Potential Approximation (ECPA) scheme: The
energy density ρE in a scattering unit with dielectric constant ϵeff has to be
constant with and without coated sphere with radius rc, dielectric constant
ϵm of the surrounding medium in the coating and dielectric constant ϵp of the
particle with radius r.
The criterion of a constant energy density in the case of a plane wave hitting
a coated sphere embedded in the effective medium versus the case where the
same volume is filled by the effective medium only is quantitatively expressed
in the self-consistent equation∫ rc
0
d3Rρ
(1)
E (R) =
∫ rc
0
d3Rρ
(2)
E (R) , (3.22)
where ρ
(1)
E (R) and ρ
(2)
E (R) are the energy densities in the coated sphere and in
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the same volume filled with a medium having a refractive index neff respectively
(see fig. 3.4). The energy density of an electromagnetic wave can be expressed
as:
ρE(R) =
1
2
[
ϵ(R)|E(R)|2 + µ|H(R)|2] . (3.23)
where ϵ is the dielectric constant and µ the magnetic permeability (the lat-
ter is assumed to be the same in both materials). With these equations the
effective refractive index can be determined for all frequencies guaranteeing a
homogeneous energy density on scales larger than the scattering unit.
Reference [95] claims that their model, which takes into account multiple
scattering effects in a mean field sense, can be used for scalar (acoustic), vector
(electromagnetic) and tensor (elastic) waves and is valid for all densities of
scatterers. They also test it on earlier experimental data. More interesting for
this thesis, this model captures the effects of resonant scattering and near-field
coupling in the multiple scattering regime.
3.2.3 The ECPA scattering strength
In this section the Energy-density Coherent Potential Approximation (ECPA)
by ref. [95] is used as an estimate for the effective refractive index to calculate
the scattering strength λ0/ℓ
⋆ of photonic glasses as will be studied in this
chapter experimentally.
The result of this iterative calculation of the effective refractive index, as
described in the previous section, is plotted in fig. 3.5(b) as a function of the
size parameter and of the scatterers density for polystyrene colloids nPS = 1.6
embedded in air nair = 1.0. Clear resonances are seen as a function of the size
parameter. One can furthermore see an increase of the refractive index with
increasing filling fraction. Note that the largest nECPA corresponds approxima-
tely to the index of the scattering particles (nPS = 1.6).
Replacing the wave vector k by keff = 2πnECPA/λ0 in the calculation of σs
and ⟨cos θ⟩, one can calculate the scattering strength λ0/ℓ⋆ using eq. (3.12) as a
function of both r/λ0 and f (see fig. 3.5(c)). Again resonances can be seen as a
function of the size parameter. Note that the peaks of λ0/ℓ
⋆ are placed at dips
of nECPA. This can be understood in terms of partial index matching between
the scatterers and the effective surrounding medium. It further means that
high scattering strengths correspond to low nECPA. This should be emphasized
as it is counter-intuitive to the definition of the effective refractive index via
the energy velocity vE = c/neff . It shows that effective refractive index nECPA
used in the calculation of the scattering cross section σs for the static scattering
property ℓ⋆ differs from the mean effective refractive index neff used to calculate
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Figure 3.5: (a) Scattering efficiency Qsca of an isolated Mie scatterer having a refractive
index of nPS = 1.6 in air (same as fig. 3.1). The shaded regions highlight the
region with negative curvature and the dashed white lines are a guide to the
eye. – (b) Color map of nECPA calculated for a refractive index of the particle
nPS surrounded by air. Inset: principle of the ECPA – (c) Color map of the
scattering strength λ0/ℓ
⋆ calculated with eq. (3.12) using nECPA. In both cases,
the quantities are shown as a function of both the size parameter r/λ0 and the
filling fraction f . Figure same as in ref. [88].
59
3. Light transport in photonic glasses 3.3. LIGHT TRANSPORT SAMPLES AND SETUPS
the dynamic scattering property vE. This difference is not noted in literature
as the same term is often used for both indices.
Note further that the peak positions of λ0/ℓ
⋆ of the multiple scattering Mie
resonances differ from the single Mie resonance peaks as plotted in fig. 3.5(a)
(replotted from fig. 3.1(a)). The white dashed lines are a guide to the eye
for the single sphere maximum positions. The validity of the presented multi-
ple scattering model will be tested later in this thesis experimentally and in
simulations.
3.3 Light transport samples and setups
All commercially available TiO2 powders are highly polydisperse and randomly
shaped. Polydispersity and the random shape average out resonant behavior.
Thus, the commercial samples used in chapter 2 are not suitable for a study
of resonant transport behavior and to test the scattering model introduced in
the last section. The scattering model in sec. 3.2 was developed for random
assembled spherical particles all of the same size (so called photonic glasses). A
description of the preparation and characterization of photonic glasses (low and
high index) follows. Moreover, a spectral coherent backscattering cone (CBC)
setup is introduced for small angles to test the model for the transport mean
free path on relatively weak scattering but easily synthesizeable materials.
3.3.1 Small angle coherent backscattering
The transport mean free path ℓ⋆ can be measured directly via the width of the
coherent backscattering cone (CBC) [8, 9] as described in sec. 2.2.2. A parallel
light beam illuminates the multiple scattering sample via a beamsplitter (see
fig. 3.6) and the backscattered light is imaged in Fourier space on a CCD
Camera (Apogee Alta U4000) placed in the focal plane of a convex lens. Most
of the time a focal length of f ′ = 200mm was chosen to probe as large angles as
possible while ensuring the distance from the sample to the lens d to be smaller
than the focal length of the lens f ′ (otherwise the CBC is superimposed on
a real space image). A circular polarizer in front of the sample filters single
scattered light.3 The CCD chip has an imaging area of 230 mm2 consisting of
2048× 2048 pixel (px) with a 16 bit resolution. The angular resolution on the
camera is given by the pixel size of 7.4 µm and the used focal length of the
lens. The chip size and the limited size of the beamsplitter and the lens limits
3In single scattering events the helicity is flipped and filtered by the circular polarizer while
multiple scattering randomizes the polarization and survives this filtering.
60
3. Light transport in photonic glasses 3.3. LIGHT TRANSPORT SAMPLES AND SETUPS
Figure 3.6: Scheme of the CBC setup used to measure ℓ⋆ of multiple scattering samples:
A coherent light source illuminates the sample via a 50:50 beamsplitter and a
circular polarizer is used to filter single scattered light. The reflected light is
imaged in the Fourier plane of a f ′ = 200mm lens on a CCD camera. A typical
image of the cone of a PS photonic glass is shown on the left of the CCD. An
image of a macroscopic PS sample is shown in the lower left with a SEM image
of the same sample to its left. Figure same as in ref. [88].
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Figure 3.7: Measurement data (black dots) and corresponding fits (red solid lines) of a PS
photonic glass (particle radius r = 170.5 ± 6.0 nm) using two different light
sources (a) a coherent laser and (b) an incoherent LED measured with the
setup described in this section. In (a) the standard CBC formula was used for
the fit. In (b) the convolution procedure with the beam spot (see text) was
applied to account for divergence.
this setup to small angles of ≈ 3◦. This is sufficient for relatively narrow cones
as obtained by measuring samples with large ℓ⋆ (in the µm range) such as the
polysterene photonic glasses used later in this thesis to test the model described
in sec. 3.2. The image in fig. 3.6 shows the CBC of such a PS photonic glass.
When using a coherent light source and a static multiple scattering sample,
the backscattered light forms a speckle pattern overlapping with the CBC.
5 images were recorded (exposure time texp = 3 s) for each measurement while
the sample was rotated with a motor to average this pattern out. Moreover,
the saved image was averaged azimutally on concentric rings of different radii
from the center of the cone tip4 to obtain a 1D data set that can be fitted with
the standard CBC formula (see eq. (2.16)). The diffusion constant D and the
absorption time τa were measured separately in time of flight experiments and
used in the fits. The absorption length La =
√
Dτa was typically in the order
of the sample thickness L ≫ ℓ⋆, meaning that absorption was very low. The
averaged cone data (black dots) and its fit (red solid line) from a PS photonic
glass measured at λ = 593 nm can be seen in fig. 3.7(a). Here the sample was
illuminated with a tunable coherent light source, namely the titanium sapphire
laser coupled in the frequency doubled OPO as introduced in the latter section.
This setup can be used to probe ℓ⋆ spectrally changing the incident wavelength.
4The cone tip was evaluated by fitting a 2D Gaussian to the measured image.
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Figure 3.8: (a) Sketch of the effect of the divergence on a focused beam (b) Measured
image of the divergent spot with the LED as light source.
The laser was exchanged by a white LED (LUXEON CoB 109) coupled in a
monochromator (Acton SP-2150i, Princeton Instruments) as light source to
extend the spectral range. As a side effect it makes the experiment a cheap
tabletop setup. The wavelength λ can be tuned between 450-700 nm with a
wavelength width of ∆λ ≈ 5 nm.5 Since the LED is an incoherent source, there
is no need to average over speckles to measure the CBC.
Compared to a coherent laser beam the LED has a strongly divergent beam
which needs to be accounted for in the analysis. The backscattered light from
the sample will diverge slightly before captured by the lens and imaged in the
Fourier space. This will lead to a smeared out (in angles) cone measurement.
The divergence of the parallalized beam from the LED compared to a perfectly
parallel beam can be measured. Therefore, the sample is replaced by a mirror.
For a parallel beam this leads to a perfectly focused spot on the CCD if the
setup is adjusted well. A divergent beam will lead to a wider spot reflecting the
angular divergence of the light source (see fig. 3.8(a)). This spot was measured
(see fig. 3.8(b)). The spot has a radius of r ≈ 1.4 mm. For the analysis a binary
image was generated with a circular spot of the same size centered around the
center of the measured CBC. This calibration image was then convoluted with
the CBC formula [1] as follows: A 2D image was generated from the CBC
5The earlier introduced white light laser coupled into the LLTF was not available at this
time, but was used later for illumination as it extends the spectral range even further.
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formula and transformed with a discrete cosine transform (DCT). The DCT
is a similar function as a discrete Fourier transform but has the advantage to
neglect redundant information when a point-symmetric image (such as a CBC)
is analyzed. The calibration image was also transformed by a DCT and both
functions are multiplied in Fourier space. The result is then transformed back
by an inverse DCT. This function is finally used to fit the measured images of
the CBC smeared out by divergence of the beam. Figure 3.7(b) shows the 1D
data (black dots) and the fit (red solid line) of this fitting routine for the same
PS sample as measured in fig. 3.7(a) but at λ = 580 nm. Both fitting routines
work quite well and lead to reliable and reproducible ℓ⋆ values.
3.3.2 Photonic glasses
If and how resonant Mie scattering can survive in densely packed monodisperse
random assemblies of spheres is studied in this chapter. Therefore, custom
made photonic glasses need to be synthesized. The synthesis of polysterene
photonic glasses was performed by Mengdi Chen in a collaboration as publis-
hed in Chen et al. [96]. In the following a summary with additional optical
characterizations will be given.
Freestanding polystyrene photonic glasses
Photonic glasses are random assemblies of monodisperse spherical particles.
They were introduced first by Garcia et al. [97, 98] as the disordered counter-
part to photonic crystals. While photonic crystals undergo Bragg scattering
and interesting optical phenomena such as a photonic bandgap occur [97], the
disordered counterpart have not been studied intensely. In a study by the same
authors they observed resonant light scattering behavior which they connect
with resonant multiple Mie scattering in these materials [10, 23], but no quan-
titative description is given.
Synthesizing such materials is a challenging task as they need to fulfill dif-
ferent properties to be suitable for optical transport experiments. Firstly, the
particles need to be all of the same size (monodiperse) with at least less than 5%
polydispersity. Otherwise the resonant behavior smears out strongly [23]. How
to obtain a large amount of such high quality particles from TiO2 as needed
for macroscopic sized photonic glasses is rarely reported in literature [99, 100].
Thus, a lower index material which can easily be synthesized in large amounts,
namely polystyrene, was chosen in the first place. Polysterene has a refractive
index of n = 1.59 at λ = 590 nm [101] and a density of ρ = 1.06 g/cm3 [73]. A
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detailed description of the preparation of the used freestanding PS photonic
glasses can be found in ref. [96].
Letting self-assembly a stabilized solution of monodisperse spheres (where
all particles are well separated) will lead to a crystalline superstructure as
it is the entropically favored state. Destabilizing the particle solution during
self-assembly allows these particles to come closer together and eventually
form oligomers (clusters of 2, 3, 4... particles). These oligomers hinder the
crystallization and a disordered superstructure can build up. Thus, disorder
can be induced by reducing the stability of the particles in a charge stabilized
dispersion via the addition of electrolytes. CaCl2 was used for the samples
measured in this thesis.
In figure 3.9(a) the effect of the amount of CaCl2 on the disorder of the dried
self assembled material is observed. I) shows an SEM image of a colloidal
packing dried under gravitation from an aqueous monodisperse polystyrene
dispersion with no addition of salt. An ordered fcc lattice is formed. Increasing
the amount of salt to 5.3 mM CaCl2 leads to a disordered arrangement as
shown in II). Having a concentration of 10.7 mM even leads to a formation of
voids in the material as can be seen in III). The particle diameter shown here
is d ≈ 200 nm.
A centrifugal force is applied to the dispersion to trigger the colloidal as-
sembly. The dispersion is placed in a centrifuge tube with an additional glass
insert to obtain a macroscopic flat slab shaped sample as schematically shown
in fig. 3.10(a). After drying the sediment, the sample is removed and a frees-
tanding photonic glass, as shown in fig. 3.10(b), is obtained. The obtained
samples have a thickness L ≈ 1mm and a diameter D ≈ 1 cm. At the criti-
cal salt concentration (see II in fig. 3.9(a)) the effect of the centrifugal force
on the sediment can be seen as a gradient of disorder induced by a gradient
of particle concentration in the sample as shown in fig. 3.9(b) I). At the top
part a crystalline structures forms, while at the bottom the sample is com-
pletely disordered. At higher salt concentration no gradient is observed and a
homogeneous disordered material as shown in fig. 3.9(b) II) can be prepared.
A homogeneous material of macroscopic size is preferred to study the light
transport in photonic glasses. Large voids which might appear at high salt
concentrations need to be avoided as they can lower the scattering and can
act as optical shortcuts where the photons can pass without being scattered.
The macroscopic quality of the sample can be quantified in ToF experiments
as introduced in sec. 2.3.1. If the sample is macroscopically homogeneous, the
ToF follows the diffusion law from eq. (2.12). Such a measurement performed
on a freestanding PS photonic glass is shown in fig. 3.11 as black solid curve.
Large voids in the sample lead to optical shortcuts that appear as an early
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(a) (b)
Figure 3.9: SEM images of dried assemblies of PS spherical particles. (a) shows the effect
of varying the electrolyte concentration in the solution. I) no CaCl2 II) 5.3 mM
CaCl2 and III) 10.7 mM CaCl2 is used. Scale bar: 200 nm. (b) shows the effect
of the centrifugal force gradient in the sample for a sample near the critical salt
concentration (5.3 mM CaCl2) I) and well above the critical salt concentration
(13.2 mM CaCl2) II). Scale bar: 1 µm. Figure same as in ref. [96].
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(a) (b)
Figure 3.10: (a) shows a scheme of the preparation of a slab shaped sample from a solution
with particles: The solution in an insert in the tube is put in a centrifuge
to sediment the particles by an external force. After drying, the slab shaped
sample can be removed and a freestanding sample as shown in (b) is obtained.
peak in the ToF curve since photons leave the sample earlier than expected
from diffusion (red dashed line). While drying the sample, cracks might also
appear. In this case or in the case of very large voids most photons will pass
the sample without being scattered and the detector signal equals the laser
pulse reference (blue dotted curve in fig. 3.11). A co-assembly method was
used to avoid such cracks and obtain a stable freestanding photonic glass. A
small amount of polyacrylamide was added to the solution to have a hydrogel
network that holds the particles together. The amount of hydrogel needed to
be kept low so the refractive index contrast between the particles and air is
only weakly affected and the scattering properties are preserved. Figure 3.12
shows SEM images of two samples prepared from the same particles but in
(a) with 5 mM CaCl2, which led to a dense particle packing and thus low
polyacrylamide concentration between the particles. In (b) 16 mM CaCl2 was
used and the formation of large voids between the particles led to a relatively
high polyacrylamide concentration. In fig. 3.12(b) the hydrogel fills large parts
of the space between the particles. In figure 3.13 the scattering strength λ0/ℓ
⋆
of the same samples is measured with the small angle CBC setup as described
in sec. 3.3.1. The sample with the higher hydrogel concentration shows a lower
scattering strength since the particles are optically connected. Also, the sample
with low amount of hydrogel shows a wavelength dependency (feature of a
resonance) that seems to be smeared out for the sample with high hydrogel
concentration. While the hydrogel holds the particles together and allows for
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Figure 3.11: Time of flight measurements are shown for three different freestanding PS
photonic glasses. A homogeneous sample with no optical shortcut that beha-
ves diffusively (black solid line), a sample with voids or a small crack that
shows signs of an optical shortcut as early peak in the ToF curve (ref dashed
line) and a sample with a large crack where all photons pass without being
scattered (blue dotted line). Figure same as in ref. [96].
Figure 3.12: SEM images of assemblies of PS spheres surrounded by hydrogel to hold the
particles together. (a) shows a sample prepared with 5 mM CaCl2 (⇒ low
hydrogel concentration) and (b) shows a sample made from the same particles
prepared with a 16 mM CaCl2 (⇒ high hydrogel concentration). Scale bar
200 nm.
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Figure 3.13: Spectral measurement of the scattering strength λ0/ℓ
⋆ for two PS photonic
glasses made from the same particles with radius r = 298.5±5.5 nm. One sam-
ple was prepared with 5 mM CaCl2 (⇒ low hydrogel concentration, blue up
triangles) than the other sample was prepared with a 16 mM CaCl2 (⇒ high
hydrogel concentration, red squares) as shown microscopically in fig. 3.12. The
transport mean free path ℓ⋆ is obtained from CBC measurements performed
with the Ti:Sa system as spectral light source.
the preparation of a freestanding photonic glass, it also affects light transport
if the concentration is too high.
An estimate of the filling fraction of the particles in the sample is needed to
be able to compare the transport measurements to the ECPA scattering model.
Due to the hydrogel present in the freestanding samples only an upper limit of
the volume fraction can be calculated by measuring the mass and the volume
of the slab shaped samples. The value obtained from these measurements is
f < 0.55. Later when preparing such photonic glasses in the same way with
high index TiO2 spheres, the solid content of the particles was measured from
the original solution. With this the filling fraction was evaluated to be around
f ≈ 0.3.
A wide range of r/λ0 from 0.17 to 0.7 can be covered using the earlier
introduced spectral light sources and additionally varying the particles size
from r = 125 nm to r = 335 nm.6 With these samples the model of sec. 3.2.3
will be checked later in this thesis.
6The radii (and their errors) are obtained from the analysis of SEM images (as the one
shown in fig. 3.12(a)).
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Titanium dioxide photonic glasses
As mentioned earlier the optical properties of titanium dioxide (high refractive
index and low absorption) in the visible makes it an ideal material for scattering
experiments. We need to prepare photonic glass made of TiO2 to increase the
scattering strength and show the generality of the model presented in sec. 3.2.3.
Therefore, monodisperse (less than 5% polydispersity) TiO2 particles with a
size in the range of the wavelength or even smaller are synthesized.7
The difficulty is to synthesize large amounts of monodisperse TiO2 and then
apply the preparation of the freestanding PS photonic glasses to high index
particles. While the synthesis of monodisperse PS in large quantities is well
known, only few attempts can be found in literature for TiO2. Different synt-
hesis methods for monodisperse amorphous TiO2 (see [99] (performed in our
group) and [100]) were optimized by I. Wimmer. [102]. The educts mainly differ
in the stabilization (either electrostatic (charge) stabilized or steric (polymer)
stabilized) of the amorphous TiO2 particles.
Eiden-Assmann et al. [99] show a synthesis with electrostatic stabilized par-
ticles. The advantage of this synthesis is that after preparation (drying) of the
photonic glass no organic residue is left on the particles surface which could
cause problems in the light scattering experiments (lowering of refractive in-
dex contrast, absorption). The salt concentration in the aqueous solution can
be used to control the size of the particles in the synthesis. This synthesis
was reproduced by I. Wimmer [102] and spherical amorphous particles as
shown in fig. 3.14(a) were obtained. Here the particles have a mean diame-
ter of d = 557.2 ± 53.4 nm. The particles’ size and standard deviation were
obtained by measuring the size of 200 particles in the shown SEM image. Unfor-
tunately these particles are quite polydisperse (11.6%). The broad distribution
(see fig. 3.15(b)) and the non-perfect spherical shape hinder crystallization du-
ring self-assembly when drying these samples. Although this is an advantage
when preparing freestanding photonic glasses, such that the dried powder can
be pressed to slabs in the same way as the commercial TiO2 powders, the
polydispersity will smear out resonance behavior in optical experiments.
Therefore, a different synthesis method based on steric stabilized particles
by Tanaka et al. [100] was optimized [102]. Again, a SEM image of the dried
particles obtained from this synthesis is shown (fig. 3.15(a)). The observed
self-assembly to a crystalline structure already indicates the narrow size distri-
bution with 2.8% polydispersity (see fig. 3.15(b)). The mean diameter of the
7The here presented description of the preparation of high index TiO2 photonic glasses
summarizes the results from Ilona Wimmer, who did her master thesis on this preparation
in our research group [102].
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Figure 3.14: (a) SEM image of static stabilized amorphous TiO2 particles with r = 228.6±
26.7 nm. Scale bar 0.5 µm. (b) Size distribution of the same particles obtained
from counting 200 particles in the SEM image. Image taken from [102].
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Figure 3.15: (a) SEM image of steric stabilized amorphous TiO2 particles with d = 410.1±
11.5 nm. Scale bar 1 µm. (b) Size distribution of the same particles obtained
from counting 200 particles in the SEM image. Image taken from [102].
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Figure 3.16: (a) Size control of the steric stabilized TiO2 particle synthesis via water con-
centration measured from SEM images. (b) SEM image of a pressed TiO2
particle surface made from monodisperse amorphous TiO2 as described by
Tanaka et al. [100]. Scale bar 2 µm. Images taken from ref. [102].
particles is r = 410.1±11.5 nm. Tanaka et al. [100] reported a size distribution
of 4%. The size can be controlled by adjusting the amount of water added to
the solution [102]. With this, the particle diameter can be tuned from 390 nm
to 592 nm (see fig. 3.16(a)) and thus a size ratio from r/λ0 = 0.25−0.63 could
be probed in the optical experiments with the available wavelengths.
Grinding and pressing these dried powders led to partly crystallized su-
perstructures (see fig. 3.16(b)). Thus, the preparation method of freestanding
photonic glasses as used by Chen et al. [96] for preparation of the PS samples
was applied to the TiO2 particle solution.
Steric stabilized particles are often still partly charge stabilized due to the
surface charge of the particles. Thus, adding salt (in this case CaCl2) desta-
bilizes the solution and agglomeration occurs. Figure 3.17 shows three SEM
images of the same particles, but different amounts of salt were added to the
solution before drying them. As one can see from the images, already 5 mM
CaCl2 leads to the formation of a glass like structure, while larger voids appear
with a higher concentration of salt. To avoid optical shortcuts/cracks when
drying and allow the formation of a solid freestanding photonic glass, again
a hydrogel network (made from polyacrylamide) was added using the earlier
introduced co-assembly method [102]. Therefore, a monomer and a linker were
inserted and an initiator was added before ultracentrifugation to obtain a slab
shaped freestanding photonic glass as shown in fig. 3.18.
Spectral coherent backscattering experiments were carried out with the se-
tup described in sec. 2.3.2 to study the influence of the salt added for de-
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Figure 3.17: SEM images of dried monodisperse TiO2 particles adding different amounts
of salt to the particle solution before drying: a) no salt b) 5 mM c) 10 mM.
Scale bar 2 µm. Images taken from [102].
Figure 3.18: Image of a freestanding photonic glass made of amorphous TiO2 and compa-
red to a 1 cent coin.
stabilization and the influence of the polyacrylamide network on the scatte-
ring behavior. Figure 3.19(a) shows measurements of four samples all made
from the same particle solution (d = 345.7 ± 18.8 nm) but using a different
salt concentration for destabilization during ultracentrifugation. An optimized
scattering strength is observed for a sample using 5 mM CaCl2 (light blue squa-
res). This equals the critical concentration between completely disordered and
partly ordered superstructures (see fig. 3.17). Increasing the salt concentration
to 7.5 mM (blue diamonds) or even 10 mM (dark blue triangles) will create
voids in the sample and thus lowers the scattering. Decreasing the concentra-
tion to 2.5 mM leads to partly ordered superstructures, which also lowers the
scattering strength λ0/ℓ
⋆.
Two samples from two particle sizes (d = 419 ± 15 nm, squares and d =
410 ± 12 nm, circles) were prepared and measured spectrally as shown in
fig. 3.19(b) to study the effect of the hydrogel network on λ0/ℓ
⋆. The 20 wt%
(closed symbols) and 40 wt% (open symbols) refer to the concentration of the
monomer solution added before ultracentrifugation in the preparation process.
For both particle sizes, the higher amount of monomer solution and thus the
higher amount of hydrogel network decreases the scattering strength as already
observed for PS in fig. 3.13. Note also that in both figures resonances are obser-
ved for the monodisperse photonic glasses. The origin of the resonances and a
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Figure 3.19: Measured scattering strengths λ0/ℓ
⋆ for (a) four samples made from the
same amorphous TiO2 particle solution (d = 345.7± 18.8 nm) using different
amounts of salt concentration 2.5 mM, 5 mM, 7.5 mM and 10 mM; (b) two
particle sizes (d = 419±15 nm, squares and d = 410±12 nm, circles) each two
samples with different monomer concentrations (20 wt%, closed symbols and
40 wt%, open symbols) in the added monomer solution before preparation.
comparison to our model from sec. 3.2.3 follows later in this thesis. Moreover,
one can see that the sample with the lower polydispersity (blue circles with
2.9% compared to light blue squares with 3.6%) show a stronger scattering
strength and more pronounced resonances.
Angular dependent resonances varying for different size ratios r/λ0 are ob-
served in the coherent backscattering cones measured on these monodisperse
high index photonic glasses with the setup from sec. 2.3.2 (see fig. 3.20). Lenke
et al. [103, 104] observed similar oscillations in the angle dependency of the
CBC for suspensions of monodisperse Mie spheres. They explain this behavior
by double scattering events that can be detected in the used setup and carry
angular dependent information on the scattering cross section (although sin-
gle scattering is filtered by the polarizer). Thus, the CBC of a monodisperse
sample (r = 430 nm) measured at λ0 = 555 nm is plotted in fig. 3.20(a) and
compared to the differential scattering cross section dσ for different sized Mie
scatterers. The expected size fits the resonance position quite well. At small
angles this quantity decreases to zero for the helicity conserving channel, such
that the normal CBC fit (eq. (2.16)) can be fitted for these angles (red solid
line). Adding the differential cross section dσ with a free parameter for the
amplitude as an additional term in the fit of the CBC allows to extract the
particle size from this measurement as shown in fig. 3.20(b) for a monodisperse
photonic glass (r = 265± 10 nm) measured at λ0 = 550 nm.
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Figure 3.20: (a) CBC measurement of a sample with size r = 430 nm at λ0 = 555 nm
and the corresponding fit (eq. (2.16), red line) done for small angles up to 12◦
compared to the differential cross section dσ of a single Mie sphere for three
particle radii. (b) CBC measurement of a sample with size r = 265± 10 nm
at λ0 = 550 nm and the fit (red line) including dσ.
Synthesizing TiO2 as described in ref. [102] leads to the formation of an
amorphous phase. Due to their higher atomic densities the crystalline phases
of TiO2 have a higher refractive index and thus stronger scattering is expected.
Heat treatment allows for the conversion of amorphous to anatase and at
higher temperature to rutile phase TiO2. Figure 3.21 shows SEM images of
the same TiO2 particles sintered at different temperatures T = 400
◦C, T =
500 ◦C, T = 600 ◦C, T = 700 ◦C, T = 800 ◦C, and T = 900 ◦C for 1 h.
In figure 3.22 corresponding powder x-ray diffraction (PXRD) measurements
are shown. Below 400 ◦C the amorphous phase is preserved (no peaks occur).
At T = 400 ◦C a transformation to anatase took place and only anatase
peaks can be observed (red reference peaks at the bottom). Here the particle
shape is preserved as can be seen in the SEM image. Note that the size of
these particles already shrunk from d = 410 nm to d = 317 nm keeping the
small size distribution. At higher temperatures rutile peaks occur and from
T = 600 ◦C a pure rutile phase is observed in the PXRD measurements (see
fig. 3.22(b).) While in the mix phase at T = 500 ◦C the particles shape is still
kept as seen from fig. 3.21, for higher temperatures a polycrystalline structure
becomes visible as measured by I. Wimmer [102]. At T = 700 ◦C particles
start to melt together which optically connects the particles and lowers light
scattering. Thus, in the performed scattering experiments the samples were
heated to T = 400 ◦C to obtain pure anatase phase TiO2 particles and preserve
75
3. Light transport in photonic glasses 3.3. LIGHT TRANSPORT SAMPLES AND SETUPS
Figure 3.21: SEM images of TiO2 particles heated to the specified temperatures for t = 1 h.
Scale bar 200 nm. Images taken from [102].
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Figure 3.22: PXRD measurements of the same TiO2 particles as shown in fig. 3.21 sintered
at (a) 100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C and 500 ◦C (b) 600 ◦C, 700 ◦C, 800 ◦C
and 900 ◦C for 1 h. In (a) red bars indicate anatase phase reflexes, black bars
indicate rutile phase reflexes. In (b) black bars indicate rutile phase reflexes.
Same data as in ref. [102].
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the particles’ shape and monodispersity. After heat treatment and redispersion
the same co-assembly method as used for the amorphous TiO2 particles was
applied to obtain freestanding anatase photonic glasses.
3.4 Engineering the scattering strength in
photonic glasses
In the earlier introduced scattering experiments the samples were prepared
using commercial “white paint” materials of random scatterer shape and size
with high polydispersity. Controlling the shape and size of the particles and
lowering the polydispersity, one might be able to tune the scattering to Mie-
resonances of the scatterers and thus obtain strong scattering for certain fre-
quency windows. Such photonic glasses were introduced by Garcia et al. [23,
98] and as mentioned earlier they observed Mie resonant behavior in the multi-
ple scattering in relatively low index glasses made of polystyrene spheres. But
all attempts to describe these resonances more than qualitatively failed [10,
105, 106].
In this section light transport in photonic glasses is predicted by the mo-
del of the transport mean free path ℓ⋆ introduced in sec. 3.2, which uses the
ECPA effective refractive index to account for near field coupling while taking
structural correlations into account. The model will be tested against ab initio
numerical simulations, earlier experimental data obtained from transmission
experiments [23], and new experimental results from backscattering experi-
ments (using the CBC setup as described in sec. 3.3.1) on specially synthesi-
zed polystyrene colloidal glasses [96] (as described in the latter section 3.3.2).8
Later the model will be tested on high refractive index photonic glasses made
of amorphous and anatase TiO2 (described in sec. 3.3.2) and these advanced
“white paints” will be compared to the commercial “white paint” materials.
3.4.1 Numerical simulations
Figure 3.23(a) shows the scattering strength λ0/ℓ
⋆ as calculated by the ECPA
scattering model in sec. 3.2.3 for a polysterene photonic glass (n = 1.6) in air
and a given filling fraction (f = 0.5, red solid curve) and compares it to the
one expected taking a given polydispersity of the spheres into account (dash-
dotted red curve). As expected, the resonances are somewhat smeared out.
8This section about numerical simulations and experimental tests in PS photonic glasses is
taken in large parts from a publication of myself and coworkers [88].
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Figure 3.23: (a) Scattering strength λ0/ℓ
⋆ calculated with different models for a filling
fraction f = 0.5 (red curves: using nECPA (solid: monodisperse, dot dashed:
5% polydispersity) the shaded regions highlight negative curvature of the
solid red curve; dashed curves: simple model for neff (see text); dotted curves:
calculated with the differential cross section of the N cluster). The single
sphere scattering efficiency (also plotted in fig. 3.5(a) is shown for comparison
in gray (arbitrary units). – (b) Averaged λ0/ℓs calculated with the MSTM
code over five realizations of numerical photonic glasses, each one having
f = 0.5. Figure taken from Aubry and Schertel et al. [88].
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For larger size ratio the effect of polydispersity becomes stronger as it is fixed
by the particle size and the relative effect on the wavelength becomes larger.
Moreover, a larger size ratio is associated with higher order Mie resonances
where small particle size deviations add up in multiple “cavity” roundtrip
modes.
To emphasize the claim that a proper choice of neff is necessary for the
calculation of the transport properties of dense high index photonic glasses,
the difference between the scattering strength calculated using nECPA (red solid
curve in fig. 3.23) and the one calculated using a simpler model (violet)
nvol = f · nPS + (1− f) · n0 (3.24)
and nMG for the Maxwell Garnett effective refractive index [90] (green), as
described in sec. 3.2.2, is also shown in fig. 3.23(a). The simple models lead
to no resonant behavior in n, but the order of magnitude of the scattering
strength agrees more with the nECPA predictions than the curve calculated
without using any effective refractive index (blue dashed curve).
More advanced numerical simulations were performed by G. J. Aubry and
will be described in the following for completeness. Another way to take the
presence of other scatterers in the direct vicinity of each scatterer into account
for its scattering properties is to calculate directly the differential scattering
cross section F (θ) for a scatterer surrounded by other scatterers (as suggested
by [23]). Therefore, the average over all possible orientations of FN(θ, dNN(f))
of clusters of N = 2, 7, or 13 particles made of one sphere having N − 1
neighboring spheres placed at the average nearest-neighbor distance in the
glass dNN (which is a function of f [107]) is calculated numerically by G. J.
Aubry using the Multiple Sphere T Matrix (MSTM) code [108]. Then F (θ)
was replaced by FN(θ, dNN(f))/N in eqs. (3.13) and (3.14) without using an
effective refractive index. By doing this, near-field effects in the scattering
properties are taken into account in a similar way as in ref. [24]. As shown
by the dotted curves in fig. 3.23(a), the scattering strength decreases with the
number of nearest neighbors indicating stronger near-field effects, but is still
very different than the one predicted using nECPA.
To test the model using nECPA (red solid line in fig. 3.23(a)), the transmission
trough thin slabs (6.25 times the radius of the spheres) of monodisperse spheres
are simulated using the Multiple Sphere T Matrix code [108]. In the simulation
of fig. 3.23(b) the transmission of the nonscattered field is calculated and the
scattering mean free path ℓs is extracted from this quantity.
The scattering geometry is shown in fig. 3.24: cylindrical slabs having a
diameter of 10000 nm, a thickness of L = 1000 nm containing about 2270
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Figure 3.24: MSTM geometry: a Gaussian beam is focussed on one side of the sample, and
the intensity is calculated in the far field on the red spot (see text for details).
The figure is at scale. Figure taken from Aubry and Schertel et al. [88].
particles with a radius r = 160 nm (filling fraction of 50%) were created. Five
samples were created by using the Force Biased Algorithm code of Baranau
and Tallarek [109] to average on sample configurations.
A Gaussian beam (wavelength λ0 between 160 and 1600 nm) was focused
on one side of the slab (waist w0 = 1500 nm), and I = ⟨E2⟩ —the integral
of the intensity on a circle of radius 100 nm placed at a distance of 16000 nm
on the other side of the sample (ten times the largest wavelength to get rid
of any evanescent wave present close to the spheres)— was calculated.9 The
influence of the target size is shown in fig. 3.25. The smallest shown target size
was used as here mostly ballistic photons arrive. The same calculation without
any scatterers (I0 =
⟨
E0
2
⟩
) was done as a reference calculus. The samples are
optically thin (λ0/L ranges from 0.16 to 1.6). Therefore, most of the photons
are expected to be scattered only once. In this regime the coherent part of
the beam Ic (i.e. the part of the wave which is not scattered) is attenuated
exponentially
Ic = I0 · exp
(
−L
ℓs
)
, (3.25)
where I0 is the incident intensity and ℓs is the scattering mean free path.
By integrating the intensity on a small surface at such a large distance on
such a thin sample, the major part of it corresponds to the coherent intensity,
therefore I ≃ Ic. This allows us to calculate ℓs using eq. (3.25).
9Five different glass configurations were calculated on the Scientific Compute Cluster (Uni-
versita¨t Konstanz) using between 10 and 20 processors for computing time ranging from a
few hours to a few days depending on the wavelength.
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Figure 3.25: Average over five different slabs of the MSTM calculated transmission as a
function of the size parameter: influence of the target size on the transmis-
sion values. The target is either circular (violet, green, blue and yellow lower
curves) or square (red upper curve, square area 106402 nm2). Away from the
focus, the width of a Gaussian beam depends on the wavelength: the yel-
low dashed curve was calculated by taking the radius of the target such that
I0(r) > I0(0)/2. All error bars correspond to the standard deviation. Figure
taken from Aubry and Schertel et al. [88].
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As expected, the so-extracted ℓs are smaller than the ℓ
⋆ predicted by our
model. Moreover, one can recognize in fig. 3.23 the same resonant behavior
between ℓs and ℓ
⋆, at least for r/λ0 . 0.7. For larger ones, the resonances
seems to be smeared out (in this range, the overall transmissions fall in the 10−3
range, making it difficult to extract the coherent beam without any scattered
contribution).
3.4.2 Experimental test on polysterene photonic glasses
The transport mean free path ℓ⋆ of PS photonic glasses is measured for dif-
ferent size parameters r/λ0 in a range from 0.17 to 0.7 to test the ECPA
scattering model experimentally. The transport mean free path ℓ⋆ is extracted
by analyzing the shape of CBC as described in sec. 3.3.1 for different incident
wavelengths. The width of the CBC is inversely proportional to kℓ⋆.
The samples are free standing PS photonic glasses as described in sec. 3.3.2.
A wavelength scan of the scattering strength of five PS photonic glasses with
different radii varying from r = 125 (dark blue, left triangles) to r = 335 nm
(blue, diamonds) is shown in fig. 3.26 using the CBC setup with the LED and
monochromator as tunable light source. This measurement reveals the first
direct observation of strong resonances of λ0/ℓ
⋆ in the visible. For comparison
a randomly shaped and highly polydisperse sample of chalk powder (black
diamonds) is measured (for this sample r = 335 nm was set arbitrarily) and,
as expected, no resonant behavior is observed in this case. An SEM image of
the chalk sample is shown in fig. 3.27. Comparing the data with the predictions
of the scattering model (eq. (3.12) using nECPA) for different filling fractions
(solid lines), the data recovers the theory for a filling fraction of f = 0.3 (grey
solid line) in the best way. This can be seen better from fig. 3.28. Such a filling
fraction was already predicted in sec. 3.3.2.
The experimental data show that the positions of the resonances are very
well predicted when the transport properties are calculated using the ECPA
effective refractive index (see the comparison between the scattering strengths
and resonance positions predicted by different models in fig. 3.23). The am-
plitudes of the resonances are slightly smeared out compared to the model.
This can partially be understood because of the residual polydispersity of the
particles and of the wavelength width of the source (see also dashed dotted
red line in fig. 3.23). To further test the model the data of fig. 19 of ref. [23]
is plotted (red diamonds). They measured ℓ⋆ via diffuse transmission measu-
rements in the infrared with polystyrene particles of r = 610 nm. The model
presented in this thesis recovers the position of their resonances very well. The
lower amplitude of the measured resonances compared with the model could
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Figure 3.26: Measured scattering strength (using the LED setup) of five monodisperse po-
lystyrene photonic glasses from r = 125 to 335 nm compared to a chalk sample
(irregular particle shape, for this sample we arbitrarily set r = 335 nm). The
errors in ℓ⋆ are estimated from the fits to be ±0.1µm. The data are compared
with the predictions of the scattering model (eq. (3.12) using nECPA) for dif-
ferent filling fractions (solid lines) and with the transmission data extracted
from [23] (r = 610 nm). Figure taken from Aubry and Schertel et al. [88].
Figure 3.27: SEM image of a chalk sample of random shape and size. The sample was used
as reference. Scale bar: 1 µm
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Figure 3.28: Measured scattering strength of five monodisperse polystyrene photonic glas-
ses from r = 125 to 335 nm. The data was measured using different light sour-
ces: A tunable laser system (Ti:Sa and OPO) shown as filled light blue symbols
and open gray symbols and a LED followed by a monochromator (small sym-
bols, same data as in fig. 3.26). The data are compared with the predictions of
the scattering model (eq. (3.12) using nECPA) for a filling fraction of f = 0.3
(light grey solid line) and with the transmission data extracted from ref. [23]
(r = 610 nm).
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be explained by the polydispersity of their sample, but no such information is
given in the paper.
The LED data (shown in fig. 3.26) is further compared in fig. 3.28 to data
obtained using the Ti:Sa followed by the OPO as tunable light source. This
data is measured twice (filled light blue and open grey symbols) to check for
reproducibility. The datasets are quite well reproducible and moreover the LED
and the laser measurements overlay. The LED has a larger wavelength range
and thus allows for a continuous scan of the resonances. The measurements
are again compared to the data of fig. 19 of ref. [23]. All these six different
data sets collapse on the same curve and cover the first nine Mie resonances
versus r/λ0, and this without any fit parameter.
Together, the experimental and the numerical test show the importance of an
appropriate model for neff in the description of the transport properties of dense
photonic materials where near-field coupling influences scattering behavior.
The shell introduced in the definition of nECPA is the key to take near-field
effects into account. It has a thickness which is related to the average particle
distance in the glass, and couples electromagnetically each scatterer with the
surrounding medium. Unlike all other models used so far, the ECPA model
seems to predict very well the resonant behavior in photonic glasses without
any fit parameter.
Energy transport velocity
As mentioned in sec. 2.1.1 a measurement of the scattering strength is a me-
asurement of the static scattering property ℓ⋆ only. One has to measure the
diffusion constant D via ToF measurements to learn about the dynamic scat-
tering via a measurement of the energy velocity vE of the electromagnetic wave
in a multiple scattering sample. How vE is effected by resonant scattering and
which of these two quantities (vE and ℓ
⋆) dominates D is not fully exploited
in the literature.
Figure 3.29 shows a spectral ToF measurement of a PS photonic glass
(r = 125 nm) measured with the setup described in sec. 2.3.1. The tail of the
ToF curve becomes longer for smaller wavelengths.10 Also the maximum of the
ToF curve which is inversely proportional to the diffusion constant D for low
absorption shifts to larger values for smaller wavelengths. Fitting these curves
with eq. (2.12) let us extract D for each wavelength as plotted in fig. 3.30(a)
versus the size parameter. The diffusion constant lowers with larger size para-
10Note here that a fluorescent tail for very long times is observed similar to sec. 2.5.2. This
tail disappeared when using a bandpass filter on the incident wavelength. It might come
from a fluorescent signal of the polymeric network holding the particles together.
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Figure 3.29: Spectral time of flight of a PS photonic glass with r = 125 nm and L =
1.1 mm. The different ToF curves were measured at different wavelength
using a setup as described in sec. 2.3.1.
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Figure 3.30: Spectral measurements of (a) the diffusion constant D and (b) the energy
velocity vE plotted against the size parameter r/λ0. The sample was a PS
photonic glass with particle radius r = 125 nm and sample thickness L =
1.1 mm (black circles). The sensitivity to the thickness is shown in (b) by
showing the same analysis using a different measured thickness L = 1.3 mm
(red squares).
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meter for this sample while the scattering strength is growing (see fig. 3.28).
This recovers the fact that D ∝ ℓ⋆. The energy velocity vE = 3D/ℓ⋆ can now
be extracted (see black circles in fig. 3.30(b)). It seems to be constant with no
clear resonant behavior, but quite noisy. The mean value (vE ≈ 2.5× 108 m/s)
is well approximated by vE = c/nMG ≈ 2.6×108 m/s for f = 0.3. Note that the
analysis procedure is very sensitive to the value of the thickness of the sample.
Here a thickness of L = 1.1 mm was used. The thickness of the freestanding
photonic glasses is measured with a micrometer screw. Due to the non-perfect
surface of the photonic glasses the thickness can locally vary very strongly.
At another surface position a thickness of L = 1.3 mm was obtained. The
energy velocity obtained in this case is shown in fig. 3.30(b) in red, but leads
to non-physical results larger than the speed of light vE > c.
Moreover, the sample used for the shown measurement was the one with
the best overall sample quality, meaning it was very homogeneous and had a
relatively flat surface and no optical shortcuts. Optical shortcuts as well as a
bad sample surface quality (such that no reliable thickness L can be extracted)
hinders to apply the aforementioned analysis procedure. Additionally, the low
refractive index of PS and the connected short photon flight times requires
very thick homogeneous photonic glasses which are difficult to prepare. Thus,
no scan over the whole size parameter range was possible with the available
samples. In addition, high index glasses in which longer photons flight times
and stronger resonant behavior is expected, seem more suitable for such a
study.
3.4.3 High refractive index photonic glasses
The resonant behavior in polymeric photonic glasses leads to strong scattering
at certain r/λ0 values. Increasing the refractive index contrast by using higher
index materials such as TiO2 spheres in air will lead to much stronger resonant
behavior. This can be seen in fig. 3.31. Here the ECPA scattering strength is
plotted at a filling fraction of f = 0.5 for four different colloid refractive indices:
n = 1.6 (corresponding to polystyrene), n = 2.0 (amorphous TiO2, lower limit),
n = 2.5 (anatase TiO2) and n = 2.7 (rutile TiO2). With increasing index the
resonances become higher, sharper and shift to smaller size parameters. The
shift disappears when the scattering strength is plotted against the relative
size ratio r · nx/λ0.
While the preparation of freestanding photonic glasses made of such high
index colloids with the right r/λ0 values is technically challenging, it would
possibly give access to a new scattering regime where signatures of three-
dimensional light localization might be observed. Note here that the highest
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Figure 3.31: The ECPA scattering strength is shown for n = 1.6 (PS, blue), n = 2.0
(amorphous TiO2, light grey), n = 2.5 (anatase TiO2, dark grey), n = 2.7
(rutile TiO2, black). A surrounding medium index n0 = 1.0 is used.
value of the scattering strength λ0/ℓ
⋆ ≈ 3.18 for rutile phase TiO2 predicted
by the ECPA model in fig. 3.31 is still smaller than the transition value to
Anderson localization expected by the Ioffe-Regel criterion (see sec. 2.2.3).
Nevertheless, the ECPA scattering model should be tested with high index
photonic glass to check the generality of the model and learn about resonant
transport in these materials.
The large angle cone setup needs to be used (see sec. 2.3.2) to measure such
a high index photonic glass since the cone becomes much wider than for the
PS photonic glass using these strong scattering samples. To check whether this
setup leads to the same quantitative results as the small angle cone setup, a
PS photonic glass (r = 335 nm) was measured in both setups (see fig. 3.32).
Again, the scattering data of the PS photonic glass is well described by the
ECPA model. Moreover, the small and large angle cone measurement overlap
very well. Note also that in the analysis of the small angle CBC the effect of
internal reflection was neglected while it was taken into account in the analysis
of the large angle CBC. This leads to nearly the same results for PS photonic
glass because of the low refractive index contrast. For TiO2 internal reflections
were always taken into account using eq. (2.17).
Commercial TiO2 powders
Resonant behavior is expected to smear out for polydisperse photonic glasses.
Nevertheless, a wavelength dependency following the mean scattering behavior
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Figure 3.32: Two measurements of the scattering strength of the same PS photonic glass
with r = 335 nm once measured with the small angle cone setup (orange
triangles up) and once with the large angle cone setup (blue triangles down)
are shown. For comparison the ECPA scattering model is plotted for f = 0.3.
might be present. To understand the wavelength dependency of the scatte-
ring strength of the commercial “white paint” powders better and understand
the behavior observed in sec. 2.5.5, a wavelength scan (from λ0 = 430 nm to
λ0 = 790 nm in ∆λ0 = 20 nm steps) of the scattering strength of these powders
was measured and is compared to the ECPA scattering model in fig. 3.33. Here
the white light laser combined with the large angle cone setup was used (see
sec. 2.3.2). Two rutile powders from DuPont are plotted exemplarily (R960 in
red and R700 in blue) since all other powders from DuPont have a similar par-
ticle size and show similar scattering behavior. A rutile powder from Aldrich
(Aldrich Rutile, AR) with larger particle size is plotted in green. The data is
plotted versus the relative size parameter rnTiO2/λ0. This correction is perfor-
med as the data was obtained by varying the wavelength while the scattering
model is calculated for a fixed wavelength (590 nm) varying the particle radius.
As the refractive index is wavelength dependent the used wavelength in the
experiments are weighted by the wavelength dependent nTiO2 from ref. [110].
The scattering strength of the commercial rutile powders follows the trend
of the ECPA scattering model for a large range of r · nTiO2/λ0 from 0.5 to 2.0.
Note that the amplitude of the scattering strength is higher than expected by
the model mean value. Either the model slightly underestimates the scattering
strength or the random shape of the particles (different from simply poly-
disperse photonic glass) leads to stronger scattering. Nevertheless, the ECPA
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Figure 3.33: Scattering strength λ0/ℓ
⋆ of commercial rutile phase ”white paint” powders
shown for different size ratios r · nTiO2/λ0. Two DuPont powders (R960 (red
circles) and R700 (blue squares)) and one Aldrich powder (Rutile, green di-
amonds) are compared to the ECPA scattering model with f = 0.5 and
n = 2.7.
model predicts quite well the scattering behavior of the random shaped “white
paint” powders.
The same samples were used to study dynamic transport behavior by mea-
suring D spectrally via ToF measurements. This is shown in fig. 3.34(a). The
diffusion constant D decreases for increasing size parameter for both kinds of
samples. The scattered data points for small wavelengths (large r/λ0) might
be caused by difficulties with the measurement/analysis due to the low laser
power and the strong fluorescence at these wavelengths. From D and ℓ⋆ the
energy velocity vE is calculated as shown in fig. 3.34(b).
Surprisingly, the energy velocity decreases constantly with increasing size
ratio for both samples in contrast to the behavior of ℓ⋆. Moreover, it is even
lower for the weaker scattering sample AR and for both samples it is lower
than the value expected from vE = c/nMG ≈ 1.87 × 108 m/s using f = 0.5 in
the calculation of nMG. This shows the complexity of the scattering behavior
in the multiple scattering, randomly shaped, densely packed samples.
No resonant behavior is observed for the commercial samples. Monodisperse
photonic glass needs to be studied to obtain resonant scattering behavior.
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Figure 3.34: The transport behavior is studied by measuring (a) the diffusion constant D
via ToF measurements and extracting (b) the energy velocity vE by knowing
ℓ⋆ from fig. 3.33. The samples are commercial rutile phase TiO2 powders
from DuPont (R960 (red circles) and R700 (blue squares)) and from Aldrich
(Rutile, green diamonds).
Custom TiO2 photonic glasses
In a first attempt the spherical but still quite polydisperse photonic glasses
of amorphous TiO2 obtained with the synthesis by Eiden-Assmann et al. [99]
using static stabilization were studied. Spectral CBC measurements (440 nm
- 800 nm in 10 nm steps) of two samples were performed. The samples vary in
particle radius (229±27 nm and 509±66 nm) and were prepared by pressing the
synthesized and dried powders in the same way as the commercial powders. The
measured scattering strengths λ0/ℓ
⋆ are shown in fig. 3.35(a) and compared
to the ECPA scattering model for amorphous TiO2 (back solid line) using a
refractive index of n = 2.0 (see sec. 2.3.3) and a filling fraction of f = 0.5
justified by the pressing of these samples. No resonant behavior can be seen
as expected for highly polydisperse PG, but the data follows the scattering
behavior of the model quite well.
In a second attempt the optimized synthesis of Tanaka et al. [100] (see
sec. 3.3.2) was used to obtain monodisperse (polydispersity ≈ 5%) amorphous
TiO2 photonic glasses. Figure 3.35(b) shows the spectral measurements of three
samples with radius 209 ± 8 nm, 228 ± 11 nm and 240 ± 15 nm. The data
is compared to the ECPA model for n = 2.0 (amorphous), f = 0.3 and a
polydispersity of 5% as obtained from the experimental characterization. The
experimental data show resonant behavior for all three samples overlapping
91
3. Light transport in photonic glasses 3.4. ENGINEERING THE SCATTERING STRENGTH IN PG
λ 0
/l
*
0
0.2
0.4
0.6
0.8
1
 
r/λ0
0 0.2 0.4 0.6 0.8 1 1.2
n=2.0, f=0.5
509 nm
229 nm
(a) polydisperse amorphous PG
λ 0
/l
*
0
0.2
0.4
0.6
0.8
 
r/λ0
0 0.2 0.4 0.6 0.8 1 1.2
n=2.0, f=0.3, poly 5%
240 nm
228 nm
209 nm
(b) monodisperse amorphous PG
Figure 3.35: Comparison of the ECPA scattering model with amorphous TiO2 data: (a)
shows the scattering strength λ0/ℓ
⋆ of the model for n = 2.0 and f = 0.5
(black line) compared to the data of two strongly polydisperse samples with
radius 229 ± 27 nm and 509 ± 66 nm. (b) shows λ0/ℓ⋆ for n = 2.0, f =
0.3 and a polydispersity of 5% (black line) compared to the data of three
nearly monodisperse (polydispersity≈ 5%) samples with radius 209 ± 8 nm,
228± 11 nm and 240± 15 nm.
very well. The positions of the experimental observed resonances overlap also
very well with the predictions from the ECPA scattering model. The data
as well as the model show that for larger r/λ0 values the resonances smear
out by polydispersity. The amplitudes of the observed resonances are weaker
than expected from the model, but the mean absolute value matches quite
well. Note here that in the experiments the scattering might be lowered by the
spectral width (2.5 nm) of the laser and by the hydrogel network that holds the
particles together. Still the resonances of the amorphous TiO2 are enhanced
by at least a factor of two compared to the PS photonic glass (see fig. 3.26).
The transport behavior in the amorphous TiO2 sample with r = 228 nm is
studied further in ToF experiments. Figure 3.36 shows measurements of the
diffusion coefficient D (black dots) versus the size parameter r/λ0. D shows a
minimum at exactly the same position where ℓ⋆ (red squares, same data as in
fig. 3.35(b)) has its minimal value. Unfortunately, D could not be measured
over the same range of r/λ0 since fluorescence caused problems at small λ0.
Again vE can be calculated from D and ℓ
⋆ (see blue diamonds in fig. 3.36) and
compared to vE = c/nMG ≈ 2.3× 108 m/s (dashed black line). Accounting for
the error in the measurement of L = 0.5±0.2 mm, the observed energy velocity
agrees quite well with that value. Also a minimum in vE (blue diamonds) is
observed where ℓ⋆ (red squares) shows a minimum, even though the data are
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Figure 3.36: Spectral measurements of transport mean free path ℓ⋆ (red squares) the diffu-
sion constant D (black circles) and respectively the calculated energy velocity
vE (blue diamonds) plotted against the size parameter r/λ0. The sample is an
amorphous TiO2 photonic glass with particle radius r = 228 nm and sample
thickness L = 0.5 mm (black circles). The dashed black line indicates the
energy velocity calculated by the Maxwell Garnett effective refractive index.
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quite noisy. Nevertheless, correlated transport behavior is observed for ℓ⋆, D
and vE in the experimental data.
Photonic glasses made of anatase TiO2 were synthesized as explained in
sec. 3.3.2 by heat treatment of amorphous TiO2 colloids to increase the reso-
nance amplitudes. The scattering strength of these anatase high index photonic
glasses is plotted in fig. 3.37(a) (green circles) and compared to the results of
amorphous TiO2 photonic glass (blue triangles) and PS photonic glass (violet
squares). For all three materials the corresponding prediction from the ECPA
model is shown as solid line. Here one can see that also for anatase (green
circles) the data follows quite well the predictions of the ECPA model with
n = 2.5, f = 0.3 and 5% polydispersity (black solid line) as predicted for
anatase phase TiO2. Again the resonance amplitudes are lowered compared
to the model, which might partially be caused by the spectral laser width. A
high absorption (during sintering the particles color turned slightly yellowish)
leads to a very fast decay of ToF curves such that no quantitative analysis
of D was possible for anatase. Nevertheless, a very good prediction of the re-
sonant behavior of monodisperse photonic glasses is possible with the ECPA
model for three materials shown in fig. 3.37(a). Moreover, the model describes
surprisingly well the scattering behavior of the polydisperse photonic glasses
(see fig. 3.37(b)) such as the commercial rutile phase TiO2 (green diamonds)
as well as the polydisperse amorphous PG (blue circles). Both materials follow
the mean scattering behavior of the ECPA model as already shown earlier in
fig. 3.35(a) and fig. 3.33 but here plotted in a logarithmic scale.
The dashed line in fig. 3.37(b) indicates the Ioffe-Regel criterion kℓ⋆ < 1.
Higher refractive index materials are needed to reach a scattering regime where
Anderson localization of light should play a role. Sintering the particles at
T > 600 ◦C allows the preparation of rutile phase TiO2 as shown in sec. 3.3.2
fig. 3.22(b). Unfortunately the particles start to glue together and change their
shape such that the overall scattering behavior cannot crucially be improved
and resonances smear out.
Reference [105] shows transmission measurements of TiO2 photonic glasses
following the synthesis by Eiden-Assmann et al. [99]. They also see resonant
behavior in their signal. In the article they claim to use rutile phase TiO2,
but no proof (e.g. PXRD measurement) is given. In the corresponding master
thesis by M. Reufer [111] more details can be found and a SEM image of
the used particles (named Ti28) is shown (Fig 2.21). The particles have a
worse polydispersity of 7% than our particles (about 3%− 5%). Moreover, the
particle diameter given in the paper (845 nm) does not agree with the particle
diameter given in the thesis (800 ± 50 nm). The same discrepancy is given
for the sample thickness which is stated in the article with L = 26 µm and
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Figure 3.37: (a) Comparison of the ECPA scattering model for three refractive indices
(solid lines) with the experimental data of the corresponding monodisperse
PG for anatase phase TiO2 (n = 2.5), amorphous TiO2 (n = 2.0) and PS (n =
1.6). (b) compares rutile phase TiO2 (n = 2.7) and amorphous TiO2 (n = 2.0)
but with strongly polydisperse PG in the experiments. The dashed black line
indicates the critical value kℓ⋆ = 1 between diffusion and localization.
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Figure 3.38: Scattering strength λ0/ℓ
⋆ of TiO2 photonic glasses recalculated from fig. 2
in ref. [105] for different size ratios r · nTiO2/λ0 is plotted (red squares) and
compared to the ECPA scattering model with f = 0.5 and n = 2.4 and 5%
polydispersity.
in the thesis with L = 20 µm. Given this inaccuracy it is hard to compare
their data to our ECPA model accurately. Using all information stated in the
thesis (d = 800± 50 nm, neff = 1.5 and f = 0.5), their keffℓ⋆ data from FIG. 2
in ref. [105] was recalculated and compared to the ECPA model in fig. 3.38.
The data and the ECPA model show very good agreement. The value for the
refractive index of the particles found in ref. [111] was n = 2.45 lower than for
pure rutile phase in contrast to the statement in ref. [105]. Thus, n = 2.4 was
used here for comparison with the ECPA scattering model (black solid line in
fig. 3.38).
The comparison of the ECPA scattering model (described in sec. 3.2) with
light sctattering data of low index and high index photonic glasses as summa-
rized in fig. 3.37 as well as the comparison of the model to literature data from
Garcia et al. [23] for polysterene and Reufer et al. [105] for TiO2 shows that
the presented model predicts very well the scattering behavior of any type
of photonic glasses and can even be applied to other “white paint” materi-
als. The scattering model was tested experimentally for four different indices
(polystyrene n = 1.6, amorphous TiO2 n = 2.0, anatase TiO2 n = 2.5 and
rutile TiO2, n = 2.7). Difficulties in the preparation of higher index photonic
glasses as well as the lack of higher index materials with low absorption in
this wavelength region hinders to reach a stronger scattering regime than in
the earlier available commercial materials and thus hinders to reach a regime
where Anderson localization plays a role. Further research in material science
and further investigation of the role of the scatterers’ shape and the material
structure is nessecary to reach this regime eventually.
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Chapter 4
Magneto-optical Faraday effect in
multiple light scattering
Beside the need of a higher scattering strength and the connected quest for a
more quantitative understanding of light transport in densely packed, highly
scattering media as studied in the latter chapter, one can raise the ques-
tion if the used characterization methods to look for localization of light
(time and spatial resolved transmission measurements) are sufficient to ob-
serve this phenomenon. One contribution to Anderson localization arises from
constructive interference of reciprocal multiple scattering paths [48] as discus-
sed in sec. 2.2.3. If one can manipulate this interference, localization effects can
directly be manipulated and thus be distinguished from other effects. This idea
stimulated the following study on magnetic fields effects in strongly scattering
samples.
In the first part of this chapter I will discuss how the magneto-optical Fara-
day effect might be used to influence Anderson localization of light. Therefore,
one needs to understand how the Faraday effect changes the photons phase
(polarization) in single scattering and how this effect survives in the multi-
ple scattering regime. Further I will point out how it influences measurable
multiple scattering quantities such as the CBC or transmission speckle. After
introducing a CBC setup and a speckle interferometer setup in high magnetic
fields, I will present experimental results on multiple light scattering in Fara-
day active materials. I will show measurements of the CBC and the speckles
in transmission as in refs. [112, 25], but on samples scattering more strongly
(although still in the weak localization regime) with ℓ⋆ in the µm range. The
experiments are all performed at low temperature since the Faraday rotation
increases with deceasing T in the used paramagnetic materials.
In particular, I discuss the manipulation of reciprocity in reflection and
transmission geometry by comparing the effect of the magnetic field on the
CBC with its effect on the transmitted speckle in multiple scattering, slab
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shaped samples. This shows how the magneto-optical Faraday effect in light
transport depends on the geometry of the experiment. In the experimental
range studied (high B = 18T and low T < 10K) the used Faraday active ma-
terial (cerium fluoride, CeF3) shows a saturation effect. Therefore, I perform
a temperature and magnetic field study of the Faraday rotation of CeF3 in
multiple scattering samples by measuring transmission speckle and compare it
to measurements of the Faraday rotation on bulk CeF3. Finally, ToF measure-
ments on mixtures of strongly scattering powders (TiO2) and Faraday active
powders (CeF3) in high magnetic fields are presented to check the result from
sec. 2.5 that no signs of localization are observed in the previously studied
commercial “white paint” samples (see sec. 2.4).
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4.1 How the Faraday effect may influence
Anderson localization
In the localized state the contribution of reciprocal paths to light transport be-
comes significant, which leads to a vanishing diffusion coefficient in an infinite
medium as explained in sec. 2.2.3. Because Anderson localization is an inter-
ference effect, it should be affected if the relative phase between the reciprocal
waves is perturbed. This idea was indeed supported by the observation of the
destruction of the CBC (which is often seen as the precursor of Anderson loca-
lization) in Faraday active multiple scattering samples [112, 25]. The Faraday
effect, which will be explained in more detail in the following sections, rotates
the plane of polarization and thus changes the phase of the photons, depending
on their way through the sample in respect to the magnetic field. Counter pro-
pagating photons will therefore collect opposite phases on their way through
the sample. Thus, measuring the destruction of the CBC by a magnetic field,
proves the origin of weak localization to be the constructive interference on
reciprocal scattering paths. While optical waves still bear to show signs of lo-
calization in 3D samples (see sec. 2.5 and ref. [54, 71]), Faraday rotation is
still a good candidate for a sensitive probe of the same origin for Anderson
localization of light. Moreover, controlling the transition from localization to
diffusion by a magnetic field using the magneto-optical Faraday effect would
be an experiment that has not been done before. Such a method could also be
used to avoid confusing localization effects with deviations from diffusion that
originate from other effects such as the fluorescent signals in sec. 2.5.5. For
such experiments the samples must show a strong magneto-optical Faraday
effect to destroy time reversal symmetry for certain paths in these samples.
A detailed characterization of such samples and a detailed explanation of the
Faraday effect can be found in my master thesis [29].1
4.2 Faraday effect in homogeneous media
Magneto-optical Faraday rotation refers to the effect that linear polarized light
rotates its plane of polarization when it propagates through a homogeneous,
dielectric medium, in which a magnetic field is applied parallel to the propa-
gation direction of the light [113] (see fig. 4.1(a)).
1This sections about the Faraday effect summarizes this description and is thus taken partly
literally from that thesis and merged with the description from a publication of myself and
coworkers [81].
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(a) (b)
Figure 4.1: Faraday effect in homogeneous media: (a) the plane of polarization is rotated
by an angle Θ when propagating along the magnetic field B. L is the sample
length. (b) Angular dependency φ between the magnetic field B and the wave
vector of the light k.
The rotation angle θ of the plane of polarization is proportional to the length
L of the material, the projection of the magnetic field B on the wave vector
k of the light (B · k|k| , geometry sketched in 4.1(b)) and a material constant V
(called Verdet constant):
θ(B) = V BL cos(φ) . (4.1)
A simple explanation of the effect can be given by separating the incoming
linear polarized light in two circular polarized beams (left and right circular
polarization). The two circular polarized waves E± (with + positive and −
negative helicity) propagate with a different speed of light (c/n±) through the
medium. This difference is caused by the magnetic field induced difference in
the real part of the refractive indices of the left n− and the right n+ circular
polarized light. Overlapping these two polarizations after propagating a certain
length L leads to a phase shift θ of the linear polarized light
θ =
ω
2c
(n−(ω)− n+(ω))L , (4.2)
equal to the rotation angle of the Faraday effect in eq. (4.1). Due to the origin
of the Faraday rotation in the difference of the real part of the refractive
indices for left and right circular polarized waves, it is called magnetic circular
birefringence. Magnetic circular dichroism refers to the same effect for the
imaginary part of the refractive index and leads to elliptic polarized light in
strongly absorbing media.
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More precisely the origin of the Faraday effect is the Zeeman splitting of
the atomic energy levels in an external magnetic field as described by Becque-
rel [114]. In a dielectric material the oscillation of the atomic electrons, caused
by the external electric alternating field from the incoming light, can be sepa-
rated by using three spare electrons. The oscillation parallel to the magnetic
field is not influenced by the magnetic field. The oscillation vertical to the
field can be separated in two opposite circular oscillations. These two circular
atomic ring currents are disturbed by the Lorentz force of the magnetic field
and thus get positive or negative accelerated depending on their direction of
rotation. These spare electrons emit circular polarized light which is frequency
shifted by ±∆ωZeeman = µBB/~, with the Bohr magneton µB = e~/2m. Thus,
the resonant frequencies of the spare electrons are ω± = ω0 ± ωL, with ω0 the
resonance frequency of the system without magnetic field and ωL =
eB
2m
the
Lamor frequency. The rotation angle θ can be expressed for small ωL as:
θ =
ωL
c
Lω
dn
dω
=
e
2mc
ω
dn
dω
BL . (4.3)
In this formula the linear relation of the Verdet constant to the dispersion
relation of the medium dn/dω is shown:
V =
e
2mc
ω
dn
dω
. (4.4)
A complete theoretical description of the magneto-optical Faraday rotation can
be found for example in ref. [115]. A detailed summary of these descriptions can
be found in [29]. Here I want to point out only the most important properties
of Faraday rotation.
In a diamagnetic material with one dominating resonance ω0 in the disper-
sion of the material the frequency dependency of the Verdet constant is given
by
V ∝ ω
2
(ω20 − ω2)2
. (4.5)
A higher Faraday rotation angle is thus expected for a wavelength of the in-
coming light near a resonance. Moreover, in diamagnetic materials the Verdet
constant is usually small, positive and temperature independent. In contrast
to that, paramagnetic materials consist of a weak positive diamagnetic con-
tribution and stronger negative paramagnetic one. For a typical paramagnetic
material with one dominant transition at a wavelength λ0, and an incident
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wavelength λ far away from resonance the Verdet constant shows the following
proportionalities [116]:
V0 ∝ 1
T
1
λ20 − λ2
. (4.6)
At very low temperatures this expression is not valid anymore. V is propor-
tional to the magnetic susceptibility [117] which is the B-derivative of the
magnetization. One can assume therefore that it can be written for low tem-
peratures [118] as
V (B) =
κα
T
[
1− tanh2
(α
T
B
)]
, (4.7)
where κ and α are material specific constants. V0 = κα/T is the usual Verdet
constant. Now one can replace the phase V B in eq. (4.1) by∫ B
0
V (B′)dB′ = κ · tanh
(α
T
B
)
. (4.8)
α is the parameter describing the saturation of the Faraday rotation. Note the
saturation of the Faraday rotation for low temperatures and high magnetic
fields. In the experiments paramagnetic materials are used for the Faraday
rotation to take advantage of the scaling of the Verdet constant with 1/T .
Before explaining the magneto-optical Faraday effect in multiple scattering
media, the relevance of this effect for our experiments should be outlined.
Optical active materials (e.g. sucrose) also show a rotation of the plane of
polarization if linear polarized light propagates through them. Here the ori-
gin is in the chiral structure of the molecules. By inverting the direction of
propagation, the linear polarized light rotates back to its starting angle. This
is different for magneto-optical materials. The magnetic field specifies one di-
rection in the material. Changing the direction of propagation k of the light
changes the rotation direction in the coordinate system of the light because
the change of k is connected to a helicity change of the light. This means that
the rotation direction stays the same in the laboratory coordinate system. Af-
ter passing again through the medium in the different direction, the overall
rotation is 2θ while in the case of optical active materials this would be zero.
A common technical application of this effect is the Faraday isolator.
A consequence of this property of the magneto-optical Faraday rotation is
that it leads to the destruction of the time-reversal symmetry in a material,
meaning that two photons propagating the same path in the opposite direction
in a multiple scattering magneto-optical material do not necessary collect the
same phase.
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4.3 Faraday effect in multiple scattering media
In this section the concept of multiple light scattering as introduced in sec. 2.1
is matched with the Faraday effect explained in the last section to understand
light transport in a multiple scattering, magneto-optical medium under the
influence of an external magnetic field. Erbacher et al. [30, 112] derived a simple
model of the magneto-optical Faraday effect in multiple scattering media in the
diffusive regime (L≫ l∗). In this regime the random walk model of sec. 2.1.1
applies. A detailed summary of their model can be found in ref. [29].
Similar to the diffusion process of the light, where the information of the
origin of the light is lost after a length ℓ⋆, the memory of Faraday rotation is
restricted to a correlation length of ℓ⋆FR. In their model the correlation length
of the Faraday rotation ℓ⋆FR is assumed to be of the same order of magnitude
as the correlation length of the photon transport ℓ⋆. Lenke et al. [119] showed
a scatterer size dependency, where the ratio EV = ℓ
⋆
FR/ℓ
⋆ decreases from 2 for
Rayleigh scatterers to 1 with increasing scatterer size. This gives a physical
explanation of the underestimation of the Faraday rotation in such multiple
scattering samples as observed by Erbacher et al. [112]. Still ℓ⋆ and ℓ⋆FR are in
the same order of magnitude, such that the assumption ℓ⋆ ≈ ℓ⋆FR leads to a
correct physical description of the Faraday effect in multiple scattering media.
For a photon propagating in a magneto-optical medium on a path s, where
the path length is smaller than the scattering mean free path (|s| < ℓs), the
Faraday rotation follows eq. (4.1): θ = VBs. For a much longer path length, the
Faraday rotation on each path is correlated over the length ℓ⋆. The first step of
a certain path is called ℓ1. The contribution of this path to the overall Faraday
rotation is given by the projection of a vector with length ℓ⋆ in direction ℓ1 on
the magnetic field B. So, each scattering path s can be separated in statistical
independent parts ℓ⋆, that contribute to the mean Faraday rotation of this
path by
θ = V Bℓ⋆ cos(φ) , (4.9)
where φ is the angle between ℓ1 and B. Since ℓ1 can be arbitrary oriented
with respect to B (in an infinite medium) the mean rotation angle is zero
⟨θ⟩φ = 0 (here ⟨·⟩φ is the average over the solid angle 4π). For finite size
media in transmission geometry the mean of the projection of each step on the
propagation direction equals the sample size ⟨cos(φ)⟩φ = L. This would lead to
a mean rotation angle ⟨θ⟩φ = V BL. However, the depolarization occurring in
each scattering event randomized this averaging process and leads to ⟨θ⟩φ = 0
even for finite size systems in transmission. In contrast to that, the mean
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squared phase shift is different from zero:
⟨θ2⟩φ = (V Bl∗)2⟨cos2(φ)⟩φ . (4.10)
The strength of the Faraday rotation in multiple scattering samples can be
quantified by measuring the correlation decay of the transmission speckle with
an applied magnetic field as outlined in the following section.
4.3.1 Speckle correlations in transmission
Shining coherent laser light through a multiple scattering sample, the radiation
coming from the sample surface interfere and form a speckle pattern. Applying
a magnetic field, the propagation of a photon along the magnetic field leads
to an effective change of the photons phase, ending in a change of the speckle
pattern for different applied fields, described in detail in ref. [30, 112]. Here a
summary is given.2
A decay of the speckle intensity correlation function C(B) = g2(B) − 1,
with g2(B) = ⟨I(0)I(B)⟩/⟨I(0)⟩2, can be used to quantitatively measure the
strength of the Faraday rotation and thus the Verdet constant V . In our ex-
periments this is done by multiplying two images at different field strengths
B, and normalizing the average over all pixels of this product. In general, the
field auto-correlation function is defined as follows [30]:
g1(B) =
√
C(B) =
⟨E(0)E∗(B)⟩
⟨E(0)⟩2 . (4.11)
If the diffusion approximation is valid, the paths through the sample are sta-
tistically independent. Thus, equation (4.11) can be simplified since all cross
terms Ek(0)E
∗
l (B) with k ̸= l drop out. Moreover, the independence of the
photon paths allows to calculate g1(B, s) for every path with a specific path
length s separately. The overall correlation is then obtained by summing over
all paths and weighting them with the path-length distribution function P (s):
g1(B) =
∫ ∞
ℓ⋆
g1(B, s)P (s)ds (4.12)
Here the sum was replaced by an integral since the number of different path
lengths N with s = Nℓ⋆ is a high number in the strong multiple scattering
regime.
2Partly taken from my master thesis [29] and a publication of myself and coworkers [81].
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The assumption ℓ⋆FR ≈ ℓ⋆ means that the phase change ∆Φ on every step ℓ⋆
is independent. In this limit g1(B, s) can be expressed as s/ℓ
⋆ individual terms
g1(B, s) = ⟨g1(B, ℓ⋆)⟩s/ℓ⋆ . (4.13)
The contribution for one statistical independent step ℓ⋆ to the overall correla-
tion can be calculated to be [30]
g1(B, ℓ
⋆) = ⟨cos(θ)⟩ = ⟨cos(V Bℓ⋆ cos(φ))⟩ . (4.14)
Since on a length scale ℓ⋆ the Faraday rotation acts as in a homogeneous
medium, this result equals the correlation decay of the normal Faraday effect
for a sample of length L: C(B) = g21(B) = cos
2(V BL). For small rotation
angles along each step ℓ⋆ (V Bℓ⋆ ≪ π/2), eq. (4.14) can be further simplified
to
g1(B, ℓ
⋆) =
∫ π
0
cos(V Bℓ⋆ cos(φ)) sin(φ)dφ =
sin(V Bℓ⋆)
V Bℓ⋆
(4.15)
≈ 1− (V Bℓ
⋆)2
6
≈ exp(−(V Bℓ
⋆)2
6
) . (4.16)
Using the path length distribution function P (s) for a slab in transmission in
the diffusive regime including absorption (eq. (2.14)), the field auto-correlation
function states:
g1(B) =
√
C(B) =
sinh
(
γ˜ℓ⋆
√
(V B)2
2
+ ( 1
La
)2
)
sinh
(
L
La
)
sinh
(
L
√
(V B)2
2
+ ( 1
La
)2
)
sinh
(
γ˜ ℓ
⋆
La
) . (4.17)
γ˜ = 1+γ = 5/3 is the boundary condition factor introduced in sec. 2.1.1 and La
the macroscopic absorption length. In this formula the two addends under the
square root (V B)2/2+1/L2a show the competition between the magnetic cutoff
length and the absorption cutoff length, while the bigger addend dominates
eq. (4.17). The material constant V , and thus, the strength of the Faraday ef-
fect, can be extracted from a measurement of the intensity correlation function
in transmission for a slab if all other parameters are known.
The intensity correlation function C(B) calculated from eq. (4.17) is plotted
in fig. 4.2 for typical experimental parameters V = −500 rad/Tm, L = 2.2 mm,
La = 750 µm and ℓ
⋆ = 2 µm (red solid line). It starts at C(0) = 1 and shows
a Gaussian behavior for small fields. For larger fields it changes over to an
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Figure 4.2: Plot of the intensity correlation function C(B) calculated from eq. (4.17) for ty-
pical experimental parameters: V = −500 rad/Tm, L = 2.2 mm, La = 750 µm
and l∗ = 2 µm (red solid line). The parameters V , L, La are varied (blue, black
yellow solid lines) by a factor of 2. The green dashed line shows the correlation
when varying ℓ⋆ by a factor of 200.
exponential decay and goes down to zero for very large fields. The parameters
V , L, La are varied by a factor of 2 (blue, black and yellow solid lines). These
curves show that the decay of C(B) strongly depends on the sample thickness
L and the Verdet constant V . Absorption cuts of scattering path, such that
a smaller absorption (larger La) yields stronger Faraday rotation and thus a
faster decay of C(B). The transport mean free path ℓ⋆ only weakly affects
C(B) even when varying by a factor of 200 (green dashed line).
4.3.2 Coherent backscattering in magnetic fields
The concept of coherent backscattering was already introduced in sec. 2.2.1. As
it is an interference phenomenon arising from reciprocal scattering paths, this
effect will strongly be influenced by breaking reciprocity via Faraday rotation.3
In Faraday active multiple scattering samples, Lenke et al. [25] describe the
field induced breaking of reciprocity of light transport by a simple model. Their
model is based on the description of the CBC from Akkermans et al. [33]. The
angular dependence of the coherent intensity I(q) with the backscattering vec-
tor q (q = 4π sin(θ/2)/λ with θ the backscattering angle (θ = 0 and therefore
3This paragraph is taken in parts from a publication of myself and coworkers [81].
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q = 0 for backscattering) and λ the wavelength) is a continuous sum over all
scattering paths
I(q) = 1 +
1
I(0)
∫ ∞
ℓ⋆
P (s) exp
(
− s
3ℓ⋆
(qℓ⋆)2
)
ds , (4.18)
The path length distribution P (s) for very thick slabs in reflection geometry
decays as P (s) ≈ s−3/2 in the diffusive regime. This leads to a simple descrip-
tion of the angular dependency of the CBC [25]:
I(q) = 1 +
1− exp [−2γ˜qℓ⋆]
2γ˜qℓ⋆
(4.19)
The difference in Faraday rotation angle between reciprocal paths on steps
ℓ⋆ is given by 2V Bℓ⋆ cos(φ) according to eq. (4.9). This leads to a mag-
netic field induced φ averaged contribution to I(q) of paths of length s by
exp (−s/3ℓ⋆ · 2(V Bℓ⋆)2). Since the phase shifts due to Faraday rotation are in-
dependent of phase shifts due to a variation of the scattering angle θ, the CBC
intensity I(q, B) can be written as a function of the backscattering vector q
and the magnetic field B as follows:
I(q, B) = 1 +
1
I(0, 0)
∫ ∞
ℓ⋆
P (s) exp
(
− s
3ℓ⋆
[
(qℓ⋆)2 + 2(V Bℓ⋆)2
])
ds, (4.20)
and thus
I(q, B) = 1 +
1− exp [−2γ˜R qF(q, B) ℓ⋆]
2γ˜R qF(q, B) ℓ⋆
. (4.21)
Here qF(q, B) =
√
q2 + 2(V B)2, V is the sample’s Verdet constant and γ˜R =
1+R
1−R(1 + γ) is a factor related to the boundary condition, with γ ≈ 2/3 the
Milne parameter and R the total reflectivity. The factor 1+R
1−R is the correction
for internal reflections as calculated by Zhu et al. [37] and already introduced
in sec. 2.2.2. It becomes relevant in our high refractive index samples.
The CBC intensity enhancement I(0, B) calculated from eq. (4.21) is plotted
in fig. 4.3 for typical experimental parameters V = −1500 rad/Tm, l∗ = 60 µm
and neglecting internal reflections (R = 0) as red solid line. Although more
appropriate (but more complex) models for the CBC are known (e.g. described
in sec. 2.2.2) this simple description shows that the destruction of the cone tip
intensity I(q = 0, B) with the field, and thus the breakdown of reciprocity,
depends exponentially on the product of three parameters: the magnetic field
B, the Verdet constant V and the transport mean free path ℓ⋆. In fig. 4.3
the parameters V and ℓ⋆ are varied by a factor of 2 (blue and yellow solid
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Figure 4.3: Plot of the CBC intensity enhancement I(0, B) calculated from eq. (4.21) for
typical experimental parameters: V = −1500 rad/Tm, l∗ = 60 µm and neg-
lecting internal reflections R = 0 (red solid line). The parameters V and ℓ⋆ are
varied (yellow and blue solid lines) by a factor of 2. The green line shows the
backscattering enhancement when lowering ℓ⋆ by a factor of 10.
lines). These curves show that the decay of I(q = 0, B) equally depends on
these two parameters. Since V is fixed for a chosen material, temperature and
wavelength, and B is limited by the experimental setup, the dependency on
ℓ⋆ sets the limits for the measurable range of the destruction of the CBC. For
very strong scattering samples (small ℓ⋆, green solid line), the cone tip will
hardly be affected by Faraday rotation with the available magnetic fields.
In contrast to the decay of the CBC with the magnetic field, the decay of
the transmission speckle only weakly depends on the scattering length ℓ⋆, but
is dominated by the sample thickness L: it is governed by exp(−V BL) for low
absorbing samples (large La). This difference between this technique and the
CBC is a consequence of the different path length distributions in reflection
and transmission geometry. The transmission speckle method can thus be used
to quantify the Faraday rotation also in strongly scattering samples with rela-
tively low ℓ⋆ values, which are hard to measure in CBC experiments with the
available magnetic fields and materials.
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4.4 Faraday active samples
Highly scattering samples are required to observe localization effects. The
strongest scattering “white paint” samples available in this thesis are com-
mercial titanium dioxide powders from DuPont as was shown in sec. 3.4.3.
Titanium dioxide is a diamagnetic material with a low Verdet constant even
at low temperature (V = 100 rad/T · m at λ = 457 nm and T = 77K [120]).
Thus the idea was to mix this strongly scattering powder with a paramag-
netic strongly Faraday active (at low temperatures) powder to obtain strong
scattering behavior and strong Faraday rotation.
4.4.1 Cerium fluoride
The Faraday active material used is cerium fluoride (Sigma Aldrich CeF3 pow-
der). CeF3 is a paramagnetic rare earth tri-fluoride that shows low absorption
in the entire visible region where it has a refractive index of n = 1.6 [73].
Crystalline bulk CeF3 has a high negative Verdet constant of VCeF3 = −1.1 ·
103 rad/T ·m at λ = 457 nm and T = 77K [121]. This large material constant
is caused by the electronic transitions between the electron configurations 4f
and 5d of the trivalent rare earth ions (Ce3+) [117]. The temperature and
wavelength dependency is given by:
VCeF3(λ, T ) = VCeF3(λ
′, T ′)
λ′2 − λ02
λ2 − λ02
T ′
T
, (4.22)
where λ0 = 300 nm [121]. A SEM image of the used CeF3 powder is shown in
fig. 4.4(a). The particle diameter varies strongly between 0.2 − 5.0 µm with
an average diameter of d ≈ 2.0 µm [116]. Note further that the particles are
random shaped, meaning that they have no spherical or well defined appea-
rance.
4.4.2 Powder mixtures
In general, paramagnetic materials such as CeF3 show a higher absorption and
have a lower refractive index in the visible than the titanium dioxide powders
such that using a paramagnetic powder only ends in relatively weak scattering
behavior. CeF3 is thus mixed with TiO2 (DuPont R700, see sec. 2.3.3 for specs)
to reach a stronger scattering regime. Only small amounts of CeF3 (∼ 5 vol%))
are necessary to obtain a full decay of the speckle correlation such that the
scattering behavior is dominated by the TiO2. The overall Verdet constant can
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(a) CeF3 (b) internal reflections
Figure 4.4: (a) SEM image of pure cerium fluoride powder used in the experiments. The
particles’ diameter varies strongly between d = 0.2− 5.0 µm. Scale bar: 1 µm.
(b) Sketch of the internal reflection process that might take place in the CeF3
particles and might lead to an enhanced Faraday rotation in a magnetic field B.
be calculated as follows:
Vvol = fCeF3VCeF3 + fTiO2VTiO22 , (4.23)
with fx the volume fraction and Vx the bulk Verdet constant. The error of Vvol
can be calculated from the error of the used powder masses.
In these mixtures the larger random shaped particles of CeF3 are surroun-
ded by many smaller TiO2 particles. Thus the photons can shorten their way
through the samples by passing through the CeF3 leading to a smaller scatte-
ring strength. Moreover, one can imagine a process sketched in 4.4(b). The light
can undergo internal reflections in the particles. This would lead to effective
longer path lengths in the magneto-optical particles and thus an enhanced
Faraday rotation than expected from the calculation of the Verdet constant
Vvol. As mentioned in sec. 4.3 such an enhancement was already observed by
Erbacher et al. [112]. The change of the scattering behavior and of the Faraday
rotation in such powder mixtures compared to pure samples was a further sti-
mulation for these experiments. It should be tested whether such mixtures are
suitable for transport experiments in magnetic fields if localization is found.
The powders were embedded in a matrix of glycerol to overcome any change
of the speckle by displacement of the paramagnetic particles in the applied
field and to lower thermal motion of the small TiO2 particles.
4 It freezes out
4Note that cooling the samples to liquid helium temperature in the experiment also lowers
thermal motion and stabilizes the speckle correlation [29].
110
4. Faraday effect in multiple scattering 4.5. OPTICAL SETUPS IN HIGH MAGNETIC FIELDS
at Tm = 18.2
◦C such that it forms a stable matrix at the temperatures used in
the experiments. Glycerol is only weakly Faraday active (V = 3.87 rad/T ·m
at λ = 589 nm and T = 16 ◦C [73]). A disadvantage is the relatively high
refractive index n = 1.47 at λ = 589 nm [73] which lowers the refractive index
contrast.
For the CBC measurements, where only weaker scattering samples are mea-
surable due to the dependency of ℓ⋆ on the decay of the cone with the magnetic
field, embedding CeF3 particles in glycerol can be used to lower the scattering
strength. In the CBC experiments a variable amount of titanium dioxide po-
wder (anatase TiO2, Sigma-Aldrich, see [54]) was added to this mixture. This
allows to change the scattering strength without changing the Faraday rota-
tion strength. The mixtures were filled in slab shaped closed sample holders. A
detailed description of the sample holder can be found in my master thesis [29].
4.5 Optical setups in high magnetic fields
A speckle interferometer setup is used for speckle transmission measurements
to characterize the magneto-optical Faraday rotation in multiple scattering
media for different field strength and at different temperature. Therefore, a
superconducting 7 T Magnet is used and the samples are cooled in an opti-
cal flow cryostat. The setup was switched to a superconducting 18 T magnet
with an optical cryostat (see ref. [36] for details), to possibly measure stronger
scattering samples and/or characterize the saturation of Faraday rotation in
high magnetic fields. For a measurement of similar samples in coherent backs-
cattering geometry and to test the destruction of reciprocity in these samples,
a similar setup as in sec. 3.3.1 was used but again in the 18 T magnet. All
samples were measured in optical flow cryostats to cool the samples to liquid
helium temperatures. This was done to obtain a high paramagnetic Faraday
rotation and lower thermal movements of the particles in the samples. These
setups are described first. Later a time of flight setup as described in sec. 2.3.1
was built but again with the sample placed in a flow cryostat and using the
superconducting 18 T magnet to measure the effect of the Faraday rotation
on transport behavior.
4.5.1 Speckle interferometer
The setup used to measure the transmission speckle of a multiple scattering
sample is shown schematically in fig. 4.5. A cw laser at λ = 532 nm illuminates
the powder sample (L = 2.2mm), which was placed in an optical flow cryostat
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Figure 4.5: Speckle interferometer setup: a Nd:YVO4 laser was used to illuminate a powder
sample, which was placed in an optical flow cryostat to cool the samples to low
temperatures (T < 10 K). The cryostat was fixed in a superconducting magnet,
which was able to generate a magnetic field up to 7 T. The transmitted light
was measured with a CCD camera after passing a linear polarizer.
(The cryostat is described in detail in ref. [29, 30]) to cool it to low temperatures
(T < 10K). The cryostat was fixed in a superconducting magnet which has a
room temperature horizontal bore and generates magnetic fields up to B = 7T.
The transmitted light was measured with a CCD camera (Apogee Alta U4000,
2048x2048 pixel cooled at −30°C, same as in sec. 3.3.1) after passing a linear
polarizer which selects one plane of polarization. A measured speckle pattern
of a TiO2 (DuPont, R700) sample measured at T = 10 K is shown in fig. 4.6.
Typical exposure times used are texp = 20 − 60 s. The exposure was chosen
this long to find a balance between low transmission and low incident laser
power (P=0.1-0.5 W) to avoid strong heating of the sample in relatively thick,
strongly scattering samples.
The histogram in fig. 4.6(b) shows the probability density P (I) of the inten-
sity. Its exponential distribution P (I) ∝ exp(−I/⟨I⟩) indicates the speckle to
originate from an uncorrelated multiple scattering random walk process [122].
Moreover, fig. 4.6(b) shows an offset in the intensity around ∼ 1800, that is
caused by the measurement noise (including observational noise).
On their way through the sample, the photons lose their memory of their
incident polarization such that every speckle shows a random but well defi-
ned polarization. The shown speckle pattern is the pattern of one plane of
polarization. Since light is a vector wave, both independent, perpendicular to
each other polarized components of the polarization form this pattern. Both
polarization directions can overlap incoherently and must be separated in an
experiment by an analyzer to be described by the exponential statistics.
To obtain the correlation function C(B) from the measured speckle image
the relative intensity value of each pixel ai(t0) − ⟨ai(t0)⟩ of an image at time
t0 with the relative intensity value of each pixel bi(t0 + t) − ⟨bi(t0 + t)⟩ of
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Figure 4.6: Illustration of a typical Gaussian speckle pattern: (a) Image section of the
transmission speckle observed on a TiO2 powder sample illuminated with a
laser of λ = 532 nm. (b) Histogram of the observed speckle pattern intensity.
An exponential decay as predicted for probability density P (I) of uncorrelated
photon paths is visible. The offset in intensity around ∼ 1800 indicates the
measurement noise.
an image at time t0 + t with t ≥ 0 was multiplied. The sum over all i pixel
normalized by the standard deviations of the both images σa,b leads to the
intensity correlation function:
C(t) =
∑N
i (ai(t0)− ⟨ai(t0)⟩)(bi(t0 + t)− ⟨bi(t0 + t)⟩)
N2σa(t0)σb(t0 + t)
. (4.24)
Knowing the field rate of the magnet (0.23 T/min) allows to obtain the inten-
sity cross-correlation function of the magnetic field C(B).5 If the speckle does
not change, one expects the correlation C to be unity (C = 1). For a changing
speckle pattern the correlation is C < 1.
During my master thesis, the stability of the setup was intensively tested
without and with magnetic field [29]. Before each magnetic field run the sta-
bility of the speckle was measured during a time as long as the field sweep
duration and fitted by a quadratic polynomial. The correlation functions du-
ring the field sweeps were then divided by the polynomial to take into account
the correlation decay due to the setup instability.
A different speckle interferometer setup is used to characterize the Faraday
5Since the magnet shows a hysteresis in B(t) with increasing and decreasing the current,
B(t) was fitted and the fit was used to obtain C(B) from C(t).
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Figure 4.7: Scheme of a measurement protocol used to measure speckle correlations in
magnetig fields up to B = 18 T. Correlations are measured in ∆B = 1T field
steps staring from a field B0. In between each measurement the stability of the
setup is checked.
rotation in multiple scattering samples made of CeF3 and glycerol mixtures
up to B = 18T and at low temperatures. The measurements are carried out
in a superconducting magnet which generates fields up to 18 T (Oxford In-
struments) and has a vertical bore (see ref. [36] for details). This increases the
instabilities of the measurement. Furthermore, the higher fields require longer
times to reach the full magnetic field (18T) and thus a better stability is ne-
cessary. Moreover, larger fields lead to larger forces on the setup and thus to
movements. A new measurement protocol is introduced as shown in fig. 4.7 to
overcome these stability issues.
The correlations are measured in ∆B = 1T field steps and not over the whole
field range to shorten the measurement time. This also reduces the correlation
decay due to movements of the setup in the field. Furthermore, the Faraday
rotation of the cryostat windows6 becomes negligible. For one specific sample
and if no saturation of the Faraday rotation is present, the speckle correlation
decay should only depend on ∆B = B − B0 and not on the starting field B0.
A saturation effect (as studied with this setup) leads to a weaker correlation
decay for a given ∆B at higher fields B0, and thus to lower V as a result of
the fit of eq. (4.17). Therefore, this measurement protocol is very sensitive to
such a saturation process.
6The Faraday rotation of the cryostat windows was measured to be Vw ≈ 3◦/T.
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Figure 4.8: CBC setup: A laser beam (λ ≈ 590 nm) illuminates via a 50:50 beamsplitter a
powder sample, which is placed in a flow cryostat. The cryostat is located in
a vertical bore 18T magnet. A circular polarizer blocks single backscattered
light. The reflected multiple scattered light is collected in k-space on a CCD
via a lens (f = 400mm) for scattering angles of up to θ ≈ 1◦. Figure taken
from [81].
4.5.2 Coherent backscattering
The principle of the coherent backscattering cone setup was already described
in sec. 3.3.1. In the CBC setup used here the sample is placed in a cryostat and
this cryostat is put in a high field magnet.7 This setup is similar to the one in
ref. [25]. This time the 18 T superconducting magnet with the vertical room
temperature bore is used again. The slab shaped samples were placed with the
sample holder inside an optical helium flow cryostat (Oxford instruments) to
cool them down to T ≈ 7K. A beamsplitter underneath the magnet was used
to send the light on the sample. A circular polarizer blocks single scattered
light and allows for collection of multiple scattered photons in the helicity
conserving channel. The reflected light was captured via a lens (f = 400mm)
and led on a 1900x1200 pixel camera (The Imaging Source, DMK 23UX174)
placed in the focal plane of the lens. Figure 4.8 shows the CBC setup.
Since glycerol freezes out at low temperatures the scatterers are fixed in po-
sition leading to a static speckle pattern in backscattering. The backscattering
cone is recovered by averaging over a large number of these different speckle
patterns. This is done by turning the whole helium flow cryostat and tilting
7The description of the CBC setup is taken partly from a publication of myself and cowor-
kers [88].
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the sample inside the cryostat via piezo elements. The sample was illuminated
with a fs-pulsed laser system at 590 nm (frequency doubled OPO pumped by
a Ti:Sapphire laser, same as in sec. 2.3.1). The coherence length of this laser
is so small that no static interference pattern coming from internal reflections
in the cryostat windows and in the beamsplitter occur, and even the sample’s
speckles are already a little bit averaged.
4.5.3 Time of flight
Transport properties such as photon flight times as measured in time of flight
distributions might be affected by a destruction of reciprocity via Faraday ro-
tation in highly scattering samples as outlined in sec. 4.1. The setup described
in sec. 2.3.1 was merged with the high field magnet (B = 18 T) setup to
perform ToF measurements of highly scattering powder mixtures of TiO2 and
CeF3 (without glycerol to increase the scattering strength). Again the samples
were cooled to low temperatures (T < 10 K) in a flow cryostat (same as used
in the CBC experiments). While in the speckle interferometer setup as well as
in the CBC setup, the detectors were CCD cameras, which were not perturbed
by the magnetic field when placing them underneath the vertical magnet bore
in the experiment, the detector used for the ToF setup, namely the photomul-
tiplier, needed to be shielded by µ-metal foil and placed further away from the
magnet. A lens system as sketched in fig. 4.9 is used to guide the light from
the sample surface on the detector via a mirror.
4.6 Experiments on Faraday rotation in multiple
light scattering
The following section is taken in large parts literally from a publication of
myself and coworkers [81].
4.6.1 Coherent backscattering and reciprocity
A sample consisting of 26 vol% CeF3 and 74 vol% glycerol was prepared to
show the destruction of the CBC in a magnetic field. The transport mean free
path measured outside the cryostat was ℓ⋆ ≈ 58.9µm, obtained by fitting the
CBC with eq. (4.21) with B = 0T and accounting for internal reflections from
the sapphire window in front of the sample in the calculation of R. The field
was then increased in several steps to B = 18T while measuring the cone at
every field step. Some of the cones measured are shown in fig. 4.10 (a), where
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Figure 4.9: Time of flight setup in a magnetic field: A pulsed laser (590 nm) illuminates a
sample that is placed in an otical flow cryostat. The transmitted light is led via
two lenses and a mirror on a Photomultiplier (PM). The detector is shielded
with µ-foil and placed far away to avoid perturbations by the magnetic field.
a strong decrease of the enhancement of the CBC is observed with increasing
field. For each cone, the enhancement factor was measured by dividing the
intensity at θ = 0° by the mean intensity between 0.4° and 0.5° (where I(q)
is already flat, baseline). The measured enhancement at B = 0T is about
1.4, lower than 2 (the theoretical expected value) because of stray light and
reflections from the windows of the cryostat. In fig. 4.11 these enhancement
factors are plotted (violet curve) against the magnetic field for all measured
cones. A parameter N is introduced to normalize the enhancement at B = 0
to 2. Equation (4.21) was used at q = 0 to fit the data. Due to the high fields
and low temperatures, we are in a regime where the magnetization of CeF3
saturates with increasing field (see fig. 4.14 and 4.15). As described earlier the
phase V B is replaced in eq. (4.21) by eq. (4.8) with α the parameter describing
the saturation of the Faraday rotation. Because this saturation is only due to
CeF3, the bulk value measured in fig. 4.14 is used. Finally, V0 (via κ) and N
(the enhancement factor normalization parameter) are the two free parameters
in eq. (4.21) which is used to fit the data in fig. 4.11 (solid violet line). For
this sample a value of V0 = κα/T = −1.8 · 103 rad/T ·m is obtained, whereas
the value calculated from the volume fraction of the particles (using eq. 4.23)
is Vvol = (−1.45± 0.07) · 103 rad/T ·m.
117
4. Faraday effect in multiple scattering 4.6. EXPERIMENTS
1
1.1
1.2
1.3
1.4 0T
1T
3T
6T
10T
18T
(a) CeF3+gly
1
1.1
1.2
1.3
1.4
0 0.2 0.4 0.6 0.8 1 1.2
n
o
rm
a
li
ze
d
in
te
n
si
ty
backscattering angle θ (°)
0T
3T
7T
13T
18T
(b) CeF3+TiO2+gly
Figure 4.10: CBC experiments for different magnetic fields between 0T and 18T for a
sample consisting of (a) 26 vol% CeF3 powder mixed with glycerol and (b)
26 vol% CeF3 powder mixed with 2 vol% TiO2 powder and glycerol. Experi-
ments were carried out at T = 7K. Cones in (a) are normalized to a baseline
between 0.4° and 0.5°. Cones in (b) are normalized to a baseline between 1.0°
and 1.1°. Figure same as in [81].
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Figure 4.11: Destruction of the CBC by a magnetic field: the enhancement I(q = 0) is
shown for different field values for CeF3 mixed with glycerol (purple) and
CeF3 mixed with TiO2 and glycerol (green). A fit (solid lines) with eq. (4.21)
and (4.8) is done to obtain the Verdet constant V0. The data are then nor-
malized by the second fit parameter N which takes into account that the
experimental enhancement factor at q = 0 is lower than 2. The arrows on the
right side indicate the lower bound of the enhancement factor due to CeF3
saturation. The decays of the CBC tip I(q = 0) expected from the volume
fractions of the particles using eq. (4.21) only are plotted as dashed lines
for both samples. In both cases Vvol is calculated with 26 vol% CeF3 at a
temperature of T = 7K. Figure same as in [81].
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Mixing about the same amount of CeF3 and glycerol with 2 vol% TiO2 (Al-
drich Anatase) leads to lower ℓ⋆ (ℓ⋆ ≈ 6.2µm compared to the 58.9µm of the
sample without TiO2). The CBC of this sample are shown in fig. 4.10(b) for
different fields. These cones were normalized to a baseline between 1.0° and
1.1°. The destruction of the cone is weaker than for the low scattering sample
(green curve of fig. 4.11).
The dashed lines in fig. 4.11 show the expected correlation decay with the
respective ℓ⋆ and Vvol without taking saturation with magnetic field into ac-
count (eq. (4.21) only) for both samples. Erbacher et al. [112] observed a
magnification EV = V0/Vvol > 1 of the Faraday rotation in multiple scatte-
ring samples, which they explain by internal reflections in the Faraday active
particles as sketched in fig. 4.4(b). From this the data is expected to appear
below the respective dashed curves from the volume fractions. This is the case
for low magnetic field, whereas for higher magnetic fields the saturation of
the Faraday rotation starts to play a role. Fitting the data of the stronger
scattering sample gives a Verdet constant of V0 = −3.2 · 103 rad/T · m. For
this sample, the value calculated from the volume fraction of the particles is
Vvol = (−1.42± 0.07) · 103 rad/T ·m.
The fitted values of V0 (Verdet constant at B = 0) are higher than the
volume fraction values Vvol, in agreement with Erbacher et al. [112]. Note that
their experiments took place at higher temperatures and lower fields. This was
the motivation in this thesis to fit the data with saturation (eq. (4.8)).
Without saturation, it is theoretically possible to destroy the CBC comple-
tely (the normalized enhancement factor decreases toward 1 for large magnetic
fields if available). However, saturation of the Faraday rotation defines a lower
bound to the enhancement factor. Even with arbitrary large magnetic field,
the normalized enhancement factor is limited to a lower bound of 1.2 (resp.
1.7) for the weakly (resp. strongly) scattering sample (see arrows in fig. 4.11).
With the measurements shown in this section earlier findings [112, 25] are
confirmed that the CBC can be destroyed in high magnetic fields in multiple
scattering Faraday active samples. The range of experimental conditions is
extended to higher Verdet constants and lower ℓ⋆. Moreover, the effect of a
saturation on the CBC destruction is shown.
4.6.2 Transmission speckle correlations
Erbacher et al. [112] showed the validity of their model described in sec. 4.3.1
in experiments on milled paramagnetic Faraday glass (FR5 Hoya), with rela-
tively large ℓ⋆ ≈ 117µm values. The powder of Faraday active material was
suspended in glycerol or paraffin to overcome speckle stability problems. In
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fact, one needs to stabilize the setup to ensure that the correlation decay only
comes from the Faraday rotation and not from any vibration or particle dis-
placement. They used a 23.5T resistive magnet and cooled their samples to
T = 30K and T = 90K in a flow cryostat.
In the experiments in this section I use CeF3 and mix it with TiO2 to reach
a stronger scattering regime as described in sec. 4.4.2. To overcome any change
of the speckle by displacement of the particles in the applied field the particles
are embedded in a matrix of glycerol.
To show that TiO2 and glycerol have a negligible Faraday rotation I measu-
red TiO2 in glycerol only (see violet curve in fig. 4.12). The observed decay can
be completely accounted for by the Faraday rotation of the cryostat windows,
which was measured separately to be Vw = (3.00 ± 0.04)◦/T. The decay of
C(B) = cos2(VwB) expected from the windows is plotted as a solid violet line
in fig. 4.12 (no fit).
A series of measurements of the Verdet constant of Faraday active powder
mixtures consisting of CeF3 and TiO2 solved in glycerol was carried out. The
amount of CeF3 was raised from 0 vol% to 6.6 vol% in the sample. The correla-
tions of the transmission speckle as function of the magnetic field are plotted
in fig. 4.12. The decay gets larger when increasing the amount of CeF3. While
the Faraday rotation is dominated by the added amount of CeF3 (see table
in fig. 4.12), the scattering behavior scales with the added amount of TiO2
(which was varied between 0 vol% and 6 vol%), as observed in measurements
of the diffusion constant via ToF experiments [29]. All fits of the intensity
auto-correlation function are shown as solid lines in fig. 4.12. The shown data
was reevaluated from [29] to fit increasing and decreasing field data together
and account for a hysteresis in the magnetic field sweep behavior. Note further
an offset for large fields in the sample with 5.3 vol% and 5.9 vol%. This offset
can be explained by a small gradient in the image intensity which does not
vanish in the calculation of C(B). The fits were done using eq. (4.17) again
replacing V B by eq. (4.8) accounting for a saturation of the Faraday rotation
using the bulk value for α (fig. 4.14). Thus, the B = 0T Verdet constant V0 is
the only free parameter.
As an example, the sample consisting of 1.9 vol% (16.5wt%) TiO2 and
6.6 vol% (83.5wt%) CeF3 solved in 91.5 vol% glycerol is shown as yellow di-
amonds in fig. 4.12. Its scattering strength (ℓ⋆ ≈ 6 µm) was characterized in
a CBC setup (see sec. 3.3.1) separately. The absorption length La ≈ 750 µm
was extracted from time of flight experiments (see ref. [29]). The same charac-
terization was done for each sample.
The measured Verdet constants V0 for the different samples (as shown in
fig. 4.12) are higher than expected from the volume fractions of CeF3 (Vvol). In
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Figure 4.12: Correlation decay of the transmission speckle pattern as a function of the
magnetic field for different Faraday active powder mixtures solved in glyce-
rol. The amount of CeF3 was raised from 0 vol% to 6.6 vol%. Open symbols:
increasing field, correlation with the first image; filled symbols: decreasing
field, correlation with the last image. The corresponding fits (eq. (4.17) with
eq. (4.8)) with V0 as the only free parameter are plotted as solid lines. In the
fits we accounted for the Faraday rotation of the windows, the instability of
each measurement and the saturation of the Faraday rotation (see fig. 4.14).
For each sample the increasing and decreasing field curves are fitted together.
All measurements were carried out at T = 9K. Figure same as in [81].
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the CBC experiments V0 was also higher than Vvol. Both observations streng-
then the possible explanation of internal reflections in the Faraday active
particles as suggested by Erbacher et al. [112]. They obtained values around
EV = 2.2−2.6 in their experiments using milled Hoya FR5 (n = 1.7) embedded
in glycerol. Here CeF3 in glycerol is used, and thus the refractive index mis-
match responsible for these internal reflections in the Faraday active particles
is smaller. This might explain the smaller EV = 1.2− 1.9 values.
Nevertheless, with this series of experiments it was possible to show that the
Erbacher model can be used to quantify the Faraday effect (via V0) in multi-
ple scattering samples measuring the transmission speckle correlation even for
strongly scattering samples if the speckle stability is well controlled.
4.6.3 Characterization of the Faraday rotation of CeF3
In this section the speckle correlation technique is used to characterize the
Faraday rotation of CeF3 in multiple scattering samples as a function of tem-
perature and field.
Temperature dependency
A sample consisting of 3.8 vol% TiO2 and 5.3 vol% CeF3 solved in 90.9 vol%
glycerol was measured at 6K, 9K, 15K, 30K and 72K to measure the tempe-
rature dependency of the Verdet constant of CeF3. This is shown in fig. 4.13.
A scattering mean free path of ℓ⋆ = 2.3µm was measured in a CBC experi-
ment. The correlation curves show an increasing Faraday rotation with lower
temperatures as expected from a paramagnetic material. At T = 72K the me-
asurement was less stable due to the high temperature. At this temperature,
the cryostat was cooled with liquid nitrogen instead of helium. From the fitted
Verdet constant V0 (fig. 4.13(b)) the bulk Verdet constant of CeF3 VCeF3 was
extracted by knowing the volume fractions and density of the different mate-
rials. VCeF3 is plotted as a function of inverse temperature in fig. 4.13(c). The
values are normalized by the value of EV for the high temperature measure-
ment (T = 72K). For comparison the high temperature dependency of the
Verdet constant (between 77K and 300K) measured by Leycuras et al. [117]
is plotted (black crosses, zoom in).
A bulk c-oriented single crystal of CeF3 (L = 1mm from E-Crystal Co.,
Ltd., Osaka, Japan) was measured to obtain low temperature bulk values of
the Faraday rotation of CeF3. A 532 nm cw laser was passed through a polari-
zer and an analyzer with the bulk crystal plate in between inside the cryostat
and the transmitted light was recorded with a photodiode. The magnetic field
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Figure 4.13: (a) Correlations of the transmission speckle for a sample consisting of 3.8 vol%
TiO2 and 5.3 vol% CeF3 solved in 90.9 vol% glycerol as a function of the mag-
netic field for different temperatures. Open symbols: increasing field, corre-
lation with the first image; filled symbols: decreasing field, correlation with
the last image. (For T = 6K, only the measurement with increasing field was
evaluated since problems with the cryostat occurred during the decrease of
the field.) The decorrelations are fitted (solid lines) as in fig. 4.12. (b) Me-
asured Verdet constant V0 for the different temperatures. (c) Recalculated
bulk Verdet constant of CeF3 VCeF3 (using the measured EV at 72K for all
temperatures) as a function of the inverse temperature (open symbols). For
comparison the high temperature dependency of the Verdet constant (bet-
ween 77K and 300K) measured in ref. [117] (black crosses) is plotted and
fitted by V ∝ 1/T (solid black line) and the low temperature data measured
in fig. 4.14 are shown (filled symbols). Figure same as in [81].
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Figure 4.14: Faraday rotation angle β of a bulk crystal slab shaped sample (L = 1mm)
as a function of magnetic field at 6, 8 and 12K. A 532 nm cw laser was used
for illumination. The data were fitted with eq. (4.8) to obtain the B = 0 bulk
Verdet constant V0 and the saturation parameter α (solid lines). For all three
temperatures, α = (0.81 ± 0.02)K/T and κ = (5.57 ± 0.02) · 104 rad · m−1.
The inset shows that all the data collapse on a single curve when plotted as
a function of B/T . The Verdet constant is proportional to the derivative of
the curve and shows a saturation for high B/T ratios.
was raised from 0T to 18T for temperatures of 6K, 8K and 12K. The rota-
tion angle β is plotted in fig. 4.14 versus the applied field. The data is fitted
with eq. (4.8) to obtain the bulk Verdet constant V0 for each temperature.
The Verdet constant for the three temperatures are plotted in fig. 4.13(c) for
comparison. They fall almost on the Leycuras et al. [117] data fit (V0 ∝ 1T )
extrapolated for low temperatures.
Field dependency
To characterize the Faraday rotation of CeF3 in multiple scattering in high
magnetic fields (B = 18T) at low temperatures (T = 8K and 9K) mixtures
of CeF3 and glycerol were measured in the high field speckle interferometer
using the field step (1 T steps) method introduced at the end of sec. 4.5.1 (see
fig. 4.7).
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Figure 4.15: Measurement of the saturation of the Faraday rotation of CeF3 for three
different sample mixtures of CeF3 and glycerol: From correlation measu-
rements such as in fig. 4.12 the Verdet constant V is obtained for diffe-
rent ∆B = 1T field steps starting at B0. Increasing field (open symbols)
and decreasing field (closed symbols). V is multiplied by T/fCeF3 to fit
all data together with eq. 4.7 (solid black line). From the fit we obtained
κα = (4.70 ± 0.09) · 104K · rad · T−1m−1 and α = (0.44 ± 0.02)K/T. For
comparison eq. 4.7 is plotted with the bulk CeF3 values for κ and α (dashed
black line). Figure same as in [81].
The Verdet constant V was measured via the correlation decay for three
samples with different filling fraction of CeF3 (fCeF3 = 16.8 vol% at T = 9K,
fCeF3 = 20.7 vol% at T = 8K and fCeF3 = 20.2 vol% at T = 9K). The absolute
value of V was normalized with fCeF3 and multiplied by the temperature T to
compare the different measurements. This value now equals κα from eq. (4.7).
The data are plotted in fig. 4.15 against the starting field B0 of the field steps
normalized by the temperature T . Note that the data overlay (within errors)
although they were measured for somewhat different filling fractions and at
different temperatures. The normalized Verdet coefficient clearly decreases for
higher fields. First of all, this indicates a saturation process. But even for
high fields (B0/T > 1.5 T/K) a decay of the correlation is still visible. Thus
higher fields still lead to an enhanced Faraday rotation and it is worth to
raise the field to B = 18T to destroy reciprocity on even smaller paths in
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the used setup. The data are fitted with eq. (4.7) (solid black line) to obtain
the material dependent constant κα = (4.70 ± 0.09) · 104K · rad · T−1m−1.
Further eq. (4.7) is plotted using the bulk CeF3 values for κ and α measured
in fig. 4.14 (black dashed line). Again, the experimental value is larger than
the bulk value, consistent with Erbacher et al. [112]. Note that the material
constant α = (0.44 ± 0.02)K/T responsible for the field saturation is smaller
than the bulk value (0.81 ± 0.02)K/T. This discrepancy would need further
investigation. Nevertheless, the bulk and multiple scattering data are still in
qualitative agreement.
Figure 4.11, 4.14 and 4.15 show the first quantification of the Faraday rota-
tion of CeF3 up to 18T at low temperature. A decrease of the Verdet constant
for large magnetic field to temperature ratios, and thus a saturation of the
Faraday rotation of CeF3 is observed.
4.7 A method to manipulate Anderson
localization in magnetic fields
In the latter section the Faraday rotation of CeF3 down to T = 6K and up to
B = 18T was characterized. Moreover, it was shown that CeF3 can be used
as a potential material to increase the Faraday effect in strongly scattering
samples. By mixing it with higher refractive index materials (e.g. TiO2) it
might be a candidate to manipulate reciprocity in localizing samples if they
are found.
Although the CBC is a direct measure of the coherent part of the light in
multiple scattering samples and reciprocity can be easily accessed, destruction
of the cone cannot be realized in strongly scattering samples kl∗ < 10 with
CeF3 using the available setup. Close to the mobility edge of Anderson locali-
zation, the samples have an even higher scattering strength. This means that
in order to quantify the strength of Faraday rotation and to reach the break-
down of reciprocity in such samples in backscattering geometry, materials with
a higher Verdet constant or a setup in stronger fields would be necessary.
Thus an alternative method, the correlation measurement of the transmis-
sion speckle, which allows a characterization of the Faraday rotation also in
stronger scattering powders was presented. The question whether a breakdown
of reciprocity (as an interesting application for manipulation of Anderson lo-
calization) can be associated with the destruction of the speckle correlation
in transmission remains open. One could argue that only photons traveling
on reciprocal paths which fit inside the sample of size L may localize (if the
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Figure 4.16: Time of flight measurements of a sample (L = 1.02 mm, La = 86.6 µm,
ℓ⋆ = 307 nm) made of a powder mixture of R700 and 5.6 vol% CeF3. The
same sample was measured at room temperature before (black circles) and
after (red squares) cooling the sample to T = 9 K and measuring the ToF at
B = 0 T (blue circles), B = 10 T (orange diamonds) and B = 18 T (green
up triangles).
localization length is smaller than or comparable to L). Transmission speckle
patterns are governed by similar path lenghts (of order L2/ℓ∗). Thus, a bre-
akdown of reciprocity in the helicity conserving channel might be expected
to occur when the speckle correlation in transmission geometry has decayed.
If potentially localizing samples are found, time of flight experiments in high
magnetic fields can be used to distinguish between Anderson localization and
other effects such as absorption and fluorescence.
ToF measurements in high magnetic fields in the setup described in sec. 4.5.3
are performed to check the strongest scattering available samples in this the-
sis (namely TiO2 powder R700 from DuPont) for signs of localization and
show a proof of principle experiment. A complete destruction of the speckle
correlation in transmission can be achieved in powder mixtures of TiO2 with
∼ 5 vol% CeF3 for samples of L ≈ 1 mm at B = 18 T (see ref. [29]). This
should also effect reciprocity and thus Anderson localization on long scatte-
ring paths. Here a R700 powder sample with 5.6 vol% CeF3 (L = 1.02 mm,
La = 86 µm, ℓ
⋆ = 307 nm) is prepared to test this idea in relatively strong scat-
tering samples of TiO2. Figure 4.16 shows different ToF measurements of this
sample. The ToF is measured at room temperature before (black circles) and
after (red squares) the magnetic field experiment. These curves overlap very
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well. The same sample is measured at T ≈ 9 K for three different field strength
B = 0 T, 10 T and 18 T. Here the long-time tail increases in respect to the
room temperature measurement. This might come from a temperature depen-
dency of the absorption/fluorescent process. Note further the optical shortcut
that occurred when cooling the sample at short times. This can occur when a
crack/hole in the sample is present. Such a crack/hole might open up during
cooling. It disappears after heating the sample back to room temperature. No
effect of the magnetic field is observed in the three low temperature curves.
This observation strengthens the results of sec. 2.5 that no localization effects
are observed in the commercial TiO2 powders, also confirmed by a similar
experiment on the same materials by ref. [36]. Both experiments question an
earlier observation by M. Sto¨rzer [27] where a change of the ToF curve with
magnetic field in powder mixtures of TiO2 and CeF3 was seen.
Let me conclude here that the same experiments should be repeated if signs
of localization are found in highly scattering and also Faraday active samples.
As mentioned in sec. 2.2.3 localization inherently exists in lower dimensional
systems. In the following chapter I use this idea to test the effect of magneto-
optical Faraday rotation on Anderson localization of light.
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Chapter 5
Lower dimensional light transport
A certain amount of disorder, as stated by the Ioffe-Regel criterion, is required
to achieve light localization in 3D random media while in lower dimensions
localization can (theoretically) always be realized for large enough system size
L≫ ξ (see sec. 2.2.3). A detailed summary of Anderson localization in different
dimensional systems can be found in ref. [123]. In two dimensions experimental
studies are still challenging and difficult to realize, partly due to the exponential
scaling of the localization length with the disorder parameter kℓ⋆. Nevertheless,
such experiments were realized for different kinds of waves (e.g. for light [124]
or ultracold atoms [125]). One dimensional light localization can easier be
realized (here the localization length scales linear with the disorder) either in
confined geometry (microwaves in a waveguide [126] or optical fibers [127]) or
open systems such as in a stack of glass slides [128]. Here the geometry becomes
quasi 1D (Q1D) as a propagation in the transverse dimensions is present [129].
In this chapter such a stack of glass slides will be studied further. A stack
of N ≫ 1 transparent plates of varying thickness can act as a mirror due
to the strongly suppressed transmission for coherent waves. A correct analy-
tic treatment of coherent waves, which will be discussed at first, leads to an
exponential decay of transmission with increasing number of slides (averaged
over different configurations of disorder) and can be connected to localization.
A suppression of transmission in the localized regime is also connected to a
narrowing of the modes of oscillation of the waves. This leads to enhanced fluc-
tuations of the transmission. Chabanov et al. [130] noted that the exponential
decay of the transmission with sample thickness is not clearly distinguisha-
ble from absorption (similar to the 3D case) and that absorption may even
suppress localization. Moreover, it is difficult to realize a sufficiently large set
of configurations when averaging over them to obtain the mean transmission
quantity. Thus, Genack et al. [131] show measurements of the variance of the
relative transmitted intensity as a quantity for transmission fluctuations to ob-
serve localization in their samples even in the presence of absorption. In their
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experiments they send microwaves through a Q1D sample made of randomly
arranged aluminum spheres in a long copper tube and measure the frequency
resolved transmission. Park et al. [129] study localization via transmitted in-
tensity statistics in the presence of a crossover from a 1D to a Q1D system
sending visible light through a stack of glass slides. Their system is experimen-
tally simple to realize but the Q1D geometry might lower/suppress localization.
In their study they introduce a localization threshold in the variance of the
relative transmitted intensity that can be used to distinguish between localiza-
tion and diffusion via photon statistics. Their theory will be introduced after
explaining the propagation of coherent light in a stack of glass slides.
The importance of the interference of multiple reflections that lead the ob-
servation of an exponential decay in transmission can be studied if the phases
of the waves are manipulated e.g. via the Faraday effect, as shown in the latter
chapter for a 3D system. Bromberg et al. [132] showed the manipulation of
reciprocity in a CBC experiment (weak localization) in a 1D system using an
optical fiber setup. In this chapter I will use strong Faraday active glass slides
as a Q1D multiple scattering sample similar to ref. [129] to study the manipu-
lation of localization via magnetic fields in measurements of the transmission
and its fluctuations. In transfer matrix simulations a perfect 1D glass stack
with the same experimental parameters will be investigated including Faraday
rotation and compared to the experimental Q1D data.
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Figure 5.1: Multiple scattering through a stack of glass slides: Two different photons a and
b on paths of the same length collect a phase shift of ∆φ = φb − φa = π on
their way through the sample.
5.1 Transport through a stack of glass slides
Berry and Klein [128] treat the transmission of light waves trough a stack of
N glass slides theoretically and confirm their results by a simple experimental
study. In their publication they start with an incoherent treatment of the waves
and find a 1/N dependency for the transmission scaling. For a coherent (and
thus correct) calculation which multiplies amplitudes and not intensities and
accounts for the waves’ phases, the result is an exponential decay of transmis-
sion with N . In their result the transmission through N plates only depends
on the transmission τ of a single interface. In this calculation an averaging over
random phases is done since the plates and air gaps vary in thickness (which
gives the system its randomness). This averaging is different from assuming
the waves as incoherent since in this averaging process there can be different
paths of the same length involved which take different ways through the sam-
ple as shown in fig. 5.1. They contribute coherently to the wave amplitude.
The two shown paths a and b will collect a phase difference of ∆φ = π due to
the difference in number of reflections at an air-glass interface and thus cancel
out in transmission by destructive interference. In fact, the dependency of the
coherent transmission through a stack on N glass slides on the transmission
of one single air-glass surface τ only, reflects the cancellation of all multiple
reflections by destructive interference.
133
5. Lower dimensional light transport 5.1. TRANSPORT THROUGH A STACK OF GLASS SLIDES
5.1.1 Static transmission
More explicitly the transmission amplitude through a surface between index
n0 and n1 was calculated in eq. (3.3) via Fresnel’s equations. Reference [128]
calculates the transmission amplitude of one glass slide T12 via the transmission
amplitude T1 of the first surface and T2 of the second surface by the coherent
sum of all multiple reflected and transmitted waves:
T12 = T1T2 + T1R1R2T2 + ... (5.1)
=
T1T2
1−R1R2 (5.2)
The naive ray theory considers all waves as incoherent, such that all amplitudes
can be replaced by intensities:
τ12 =
τ1τ2
1− ρ1ρ2 (5.3)
For a stack of 2N faces this formula can now be applied iteratively and one
yields a transmission:
τincoherent =
τ
τ + 2N(1− τ) (5.4)
Here transparent plates with no loss were assumed such that τ + ρ = 1. In the
coherent wave theory the transmission amplitudes in eq. (5.2) need to be re-
placed by the wave expression in a medium with index nj as Tj/
√
nj exp(iknjx)
and similarly for Rj. Because the plates have varying thickness and the dis-
tance between the plates can vary randomly, the quantities have random phases
and one needs to average over them.1 The average of any function f of the
transmitted intensity over the random phases can then be expressed as follows:
⟨f(|T12|2)⟩ = 1
2π
∫ 2π
0
dφf
( |T1|2|T2|2
|1− |R1R2| exp(iφ)|2|2
)
(5.5)
Choosing f(u) = ln(u) [133] to decouple the second from the first face [134]
and by assuming |R1R2| < 1 the integral in the denominator vanishes and one
obtains:
⟨ln(|T12|2)⟩ = ln(|T1|2) + ln(|T2|2) (5.6)
1The condition for the phases to be uniformly distributed modulo 2π is that the variation
of the gap thickness is ∆d≫ λ/2n0.
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For 2N faces an iterative calculation yields
τcoherent = exp
(⟨ln(|T12|2)⟩) = exp( 2N∑
s=1
ln τs
)
(5.7)
= exp
(
−2N ln(1
τ
)
)
. (5.8)
This result for the exact effective transmission is the same as expected when all
multiple reflections are ignored and only the transmissions of each interface are
multiplied τcoherent = τ
2N , which can be understood as an exact cancellation
of all the other terms via interference. From eq. (5.8) a localization length of
ξ = (ln(1/τ))−1 in number of surfaces can be obtained.
5.1.2 Transmission fluctuations and photon statistics
Transmission fluctuations have been studied via measurements of the proba-
bility density of intensity relative to its average value P (I/⟨I⟩) in a random
ensemble of sample configurations in Q1D samples [135, 136, 130, 129]. For a
large number of statistically uncorrelated contributions to the field the proba-
bility distribution for one plane of polarization can be expressed as [136]
P (I/⟨I⟩) = exp(−I/⟨I⟩) , (5.9)
in the diffusive 1D limit L ≪ ξ, La. In Q1D geometry this expression holds
for a single sample configuration where the average intensity over the output
surface relative to the ensemble average is I¯/⟨I⟩, also named relative total
transmission. With this the probability distribution in Q1D can be expressed
as [129]
P (I/⟨I⟩) =
∫ ∞
0
exp(−I/I¯)P (I¯/⟨I⟩)dI¯/I¯ . (5.10)
In Q1D the mesoscopic function P (I¯/⟨I⟩ depends on the variance of I¯/⟨I⟩ only.
Chabanov et al. [130] show a relation between the variance of the normalized
transmission var(I¯/⟨I⟩) to the variance of the normalized intensity var(I/⟨I⟩)
var(I/⟨I⟩) = 2var(I¯/⟨I⟩) + 1 . (5.11)
Note that P (I/⟨I⟩) becomes a function of var(I/⟨I⟩). In the diffusive limit
for low absorbing samples they relate the average transport (here the di-
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mensionless conductance ⟨g⟩ which is equivalent to the optical transmittance
⟨τ⟩ = ⟨I⟩/I0 with I0 the incident intensity) to its fluctuations via var(I¯/⟨I⟩) =
2/(3⟨g⟩). In a localized regime the narrow modes of oscillation and corre-
sponding sharp, widely spaced peaks in transmission as observed by Park et
al. [129], would lead to large values of var(I¯/⟨I⟩). Knowing that the localiza-
tion threshold for the dimensionless conductance is ⟨g⟩ = 1, Park et al. [129]
find a threshold parameter for the intensity fluctuations to distinguish between
diffusion and localization:
var(I/⟨I⟩) = 4
3⟨g⟩ + 1 =
7
3
. (5.12)
This universal threshold can now be used to look for localization in the vari-
ation of P (I/⟨I⟩) with increasing system size L. In a stack on N glass slides
the crossover from 1D to Q1D counteracts localization in the sense that the
saturation value of the fluctuations in Q1D (and thus the corresponding length
ℓ1D→Q1D) can be lower than this threshold (the localization length ξ) which
would lead to a suppression of localization.
In the last sections it was shown that the mean transmission as well as
its fluctuations can be used to search for signs of localization. Similar to the
3D case the magneto-optical Faraday effect can be used to test such signs of
localization for its origin in magnetic fields using Faraday active scattering
materials. This idea should be emphasized in the following section.
5.1.3 Transfer matrix and Faraday rotation
Using the magneto-optical Faraday effect, the phase of a wave can be changed
and destructive interference on multiple scattering paths leading to suppres-
sed transmission in the localized regime can be effected. Here this idea should
be tested on a 1D system. More concrete, this effect can be used to test for
the origin of signs of localization such as the exponential transmission scaling
with sample size as well as enhanced fluctuations of this quantity in a poten-
tially localized regime. Therefore, 1D light transport is studied using transfer
matrix calculations including Faraday rotation. The formalism presented in
the following section was developed and used by my colleague G. J. Aubry to
numerically calculate the propagation of an electromagnetic wave through a
stack of 2N interfaces with and without Faraday rotation (unpublished). Here
the formalism and the results of these calculations are introduced to compare
them to the performed experiments.
The propagation of an electromagnetic wave through a stack of 2N interfaces
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Figure 5.2: Geometry of the electromagnetic fields E before (1) and after (2) any optical
system (dielectrics, interface, ...).
can be described using a transfer matrix approach. Given any optical system
(see figure 5.2 for the geometry), the transfer matrix formalism decomposes
the field in plane waves propagating in the +z and −z directions, and relates
the field after the system to the field before the system through the transfer
matrix M (
E+2
E−2
)
=M
(
E+1
E−1
)
. (5.13)
Let us recall that a plane wave in a homogeneous medium of index n can be
written as:
E(z, t) = E exp[i (ωt− kz)] , (5.14)
with k > 0 for a wave propagating in the +z direction, and k < 0 for a wave
propagation in the −z direction. For instance, if light (wavelength in vacuum
λ0) propagates on a distance d in a dielectric having a refractive index n, the
transfer matrix is
Md =
(
exp−2iπnd
λ0
0
0 exp 2iπnd
λ0
)
. (5.15)
If the system is an interface between two dielectrics n1 and n2 perpendicular
to the wave vector, the Fresnel formula allow to write the transfer matrix of
the interface
Nn1→n2 =
1
2n2
(
n2 + n1 n2 − n1
n2 − n1 n2 + n1
)
. (5.16)
The transfer matrix of a dielectric slab of refractive index n and thickness d
placed in air (n0) is then written as the matrix product Nn→n0 ×Md×Nn0→n.
Faraday rotation, which is a kind of circular dichroism, imposes to split the
field in the two circular polarization components E+/− =
(
ER+/−, EL+/−
)
. In
a Faraday active material, these components are related to each other by a
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4× 4 matrix MFR ⎛⎜⎜⎝
ER+d
EL+d
ER−d
EL−d
⎞⎟⎟⎠ =MFR(d,∆n)
⎛⎜⎜⎝
ER+0
EL+0
ER−0
EL−0
⎞⎟⎟⎠ , (5.17)
MFR =
⎛⎜⎜⎝
exp−in+ϕ 0 0 0
0 exp−in−ϕ 0 0
0 0 exp in+ϕ 0
0 0 0 exp in−ϕ
⎞⎟⎟⎠ , (5.18)
with n± = n±∆n and ϕ = 2πdλ0 . Here 2∆n is the refractive index difference for
right and left circular polarized waves, and is related to the Verdet constant
V of the Faraday active material and to the applied magnetic field B via
∆n = λ0BV
2π
. Note that a very similar matrix MOA can be written for optical
activity (which does not break reciprocity),
MOA =
⎛⎜⎜⎝
exp−in+ϕ 0 0 0
0 exp−in−ϕ 0 0
0 0 exp in−ϕ 0
0 0 0 exp in+ϕ
⎞⎟⎟⎠ . (5.19)
In this (circular) basis, the transfer matrix of an interface between air (n0)
and a Faraday active material is written
Nn0→n+,n− =
1
2
⎛⎜⎜⎜⎝
n0+n+
n+
0 0 n+−n0
n+
0 n0+n−
n−
n−−n0
n−
0
0 n−−n0
n−
n0+n−
n−
0
n+−n0
n+
0 0 n0+n+
n+
⎞⎟⎟⎟⎠ (5.20)
and the transfer matrix of an interface between a Faraday active material and
air is written
Nn+,n−→n0 =
1
2n0
⎛⎜⎜⎝
n0 + n+ 0 0 n0 − n+
0 n0 + n− n0 − n− 0
0 n0 − n− n0 + n− 0
n0 − n+ 0 0 n0 + n+
⎞⎟⎟⎠ (5.21)
In the experiments I worked with a linear polarized incoming field E+0 =
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(
Ex+0
Ey+0
)
such that we start the calculations in the linear basis. Changing from
the circular to the linear basis (and vice versa) can be done using the matrices
for the basis change Pcirc→lin and Plin→circ as calculated in the following. For
propagation in +z direction and respectively for −z direction the fields in the
circular basis can be expressed as⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
ER+ = 1√
2
(Ex+ + iEy+)
EL+ = 1√
2
(Ex+ − iEy+)
ER− = 1√
2
(Ex− − iEy−)
EL− = 1√
2
(Ex− + iEy−)
.
With this, the matrix for the basis change between linear
⎛⎜⎜⎝
Ex+
Ey+
Ex−
Ey−
⎞⎟⎟⎠ and circular
⎛⎜⎜⎝
ER+
EL+
ER−
EL−
⎞⎟⎟⎠ polarized fields can be calculated:
Pcirc→lin =
1√
2
⎛⎜⎜⎝
1 1 0 0
i −i 0 0
0 0 1 1
0 0 −i i
⎞⎟⎟⎠
Plin→circ =
1√
2
⎛⎜⎜⎝
1 −i 0 0
1 i 0 0
0 0 1 i
0 0 1 −i
⎞⎟⎟⎠
Without any loss of generality let us consider a x-polarized incident wave.
This implies Ey+0 = 0. Having just a light source before the system, the field
after the system is connected via the transfer matrixM to the field before the
system ⎛⎜⎜⎝
Ex+N
Ey+N
0
0
⎞⎟⎟⎠ =M
⎛⎜⎜⎝
Ex+0
0
Ex−0
Ey−0
⎞⎟⎟⎠ (5.22)
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with E−0 =
(
Ex−0
Ey−0
)
the field reflected by the system. Note that there is no field
in −z direction after the system and therefore Ex−N = Ey−N = 0. The overall
transfer matrixM that connects the incoming and the outgoing fields through
a stack of N Faraday active slides of thicknesses {di} separated by N − 1 air
gaps of thicknesses {ei} in the linear basis is then expressed by
M =Pcirc→lin×
2∏
i=N
[NnR,nL→n0MFR(di,∆n)Nn0→nR,nLM0(ei)]
×NnR,nL→n0MFR(d1,∆n)Nn0→nR,nL
× Plin→circ, (5.23)
M0(ei) being the transfer matrix of an air gap.
KnowingM, the system (5.22) has four equations and four unknown (Ex−0 ,
Ey−0 , E
x+
N and E
y+
N ) and can therefore be solved analytically. Writing M =
(mij)0≤i,j<4 using its matrix elements, the solution is:⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
Ex−0 = E
x+
0 · −m20m33+m23m30m22m33−m23m32
Ey−0 = E
x+
0 · m20m32−m22m30m22m33−m23m32
Ex+N = E
x+
0 ·
(
m00 +
−m20(m02m33−m03m32)+m30(m02m23−m03m22)
m22m33−m23m32
)
Ey+N = E
x+
0 ·
(
m10 +
−m20(m12m33−m13m32)+m30(m12m23−m13m22)
m22m33−m23m32
) (5.24)
This transfer matrix method was used to calculate the transmission through
N slides with and without Faraday rotation by my colleague G. J. Aubry. The
results will directly be compared to Q1D experimental data in section 5.3.
Different realizations of disorder were realized by varying the thicknesses di
and ei of both the plates and the spaces between the plates uniformly over ∆d
and ∆e≫ λ0.
5.2 Experimental samples and setups
Special requirements regarding the sample and a specialized setup are reque-
sted to look for localization of light in a quasi 1D system of N glass plates via
magnetic field manipulation.
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5.2.1 Quasi 1D sample
The setup was designed to turn the linear incoming polarization via Faraday
rotation (eq. (4.1): θ = V BL) by ∼ 45◦ for the propagation through one
plate under full available magnetic field to randomize the phase of the waves
on their way through a stack of glass plates using Faraday rotation. More
precisely, round glass plates (d = 2.5 cm, L = 1.5 mm) of a Schott glass SF57
were used. The Verdet constant was measured to be V ≈ 31.0± 0.1 rad/T (in
good agreement with literature [73]) which corresponds to a rotation angle of
θ ≈ 48◦ for one plate at the used wavelength (λ = 532 nm) and the available
magnetic field (B = 18 T). Since it is difficult to find stronger Faraday active
transparent materials that are easily available, these plates were chosen even if
they needed to be relatively thick, which is a disadvantage compared to Park et
al. [129] who uses a stack of thin (150 µm on average) microscope glass plates
as their Q1D sample. Thick plates lead to a quicker crossover from 1D to Q1D
and thus extend ℓ1D→Q1D. On the other hand the high refractive index of SF57
(n = 1.84 at λ = 633 nm [73]) lowers the competing localization length ξ by
increasing the scattering/reflection.
Putting the plates randomly on top of each other leads to random spa-
cings between the plates. Since the plates were not specially requested to be
optically flat, they have a relatively large surface roughness (larger than the
wavelength of the incident light). This leads to varying spacings and thickness
at different transverse spacial positions of the stack, such that at different spa-
cial positions in transmission the light wave has encountered different sample
configurations. The idea is to send a relatively wide (≈ 0.5 cm) parallel cohe-
rent light beam through this stack of N (varying from 0-50) glass plates and
measure the transmission at different spacial positions (using a CCD camera
with 1900x1200 pixel and 12 bit from The Imaging Source, DMK 23UX174).
Averaging over the different pixels is then equivalent to a configuration avera-
ging. Note that the surface roughness and small tilts of the plates can lead to
a mode mixing and thus to a crossover from 1D to quasi 1D. To minimize this
the plates were cleaned before putting them on top of each other such that
they were not tilted too much by impurities.
5.2.2 Quasi 1D speckles in high magnetic fields
The sample was put in a cylindrical sample holder (see fig. 5.3(b)) that is
inside a hollow cylinder which can be turned via a rubber hose by a motor to
guarantee for a more complete set of configurations in the averaging. Rotating
the sample changes the configurations slightly due to the non-perfect sample
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(a) (b)
Figure 5.3: (a) Quasi 1D light transport setup: A cw laser beam is sent through an OD
filter to control the incident intensity before being expanded to ≈ 0.5 cm.
This expanded beam illuminates the sample made of SF57 plates (varying
from 0 to 50). The transmitted light passes a polarizer to select one plane of
polarization before beeing captured by a CCD camera. The sample is placed
inside a sampleholder which is rotated constantly via a rubber hose by a motor.
The sample inside the holder as shown in (b) is placed in a superconducting
magnet bore. Figure taken from [137] and modified.
alignment and the non-centered beam position. The motor turns the sample
once per minute which corresponds to the measurement time for each sample.
In this time the camera took 300 images (5 per second). The exposure was
chosen to be as small as possible (10−4 s) to minimize the averaging which
occurs by turning the sample. More advanced configuration averaging was
tried out by putting two ring piezos between the plates to vary spaces between
the plates. Better averaging results were achieved with turning the sample than
by the piezos such that the turning setup was used.2
The setup is shown schematically in fig. 5.3(a). The linear polarized coherent
2More details about the setup and earlier versions can be found in the bachelor thesis of O.
Irtenkauf [137].
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laser beam (λ = 532 nm) comes from a cw laser (Torus, Laser Quantum). It can
be tuned between P = 0.5−0.75 W. An OD filter is used to further control the
incident intensity such that the camera is not saturated. Afterwards the beam
is expanded using two lenses with f1 = 200 mm and f2 = 1000 mm. The beam
is then led through the sample that is placed inside the same superconducting
magnet (with maximum field B = 18 T) as used in sec. 4.5.1. The beam was
adjusted by passing parallel through the relatively long (1174 mm) bore and
aligning the backreflection of the first plate into the incident beam. A linear
polarizer can be put in front of the CCD to capture only the photons with the
same polarization as the incident light and thus measure only one independent
speckle pattern.
5.2.3 Data analysis
The measured speckle images were further processed to obtain the mean trans-
mission τ (and/or the mean of the logarithm of the transmission ⟨ln τ⟩) and
the variance of the relative transmitted intensity which are defined as follows:
⟨x⟩ = 1
N
N∑
i=1
xi , var(
x
⟨x⟩) =
⟨x2⟩
⟨x⟩2 − 1 . (5.25)
Figure 5.4 shows the different steps of the image processing for one measured
image of a transmission speckle. The intensity variations caused by the incident
Gaussian beam need to be removed to obtain the correct intensity statistics. A
3D plot of an original image is shown in the upper left. A speckle pattern over-
laying the Gaussian beam can be observed. The intensity data was fitted by a
2D Gaussian with widths σx and σy and an offset b. The offset is necessary to
account for noise and was subtracted from the images (lower left). Moreover,
an elliptical region of interest (ROI) was chosen with widths 2σx and 2σy re-
spectively (see cutoff in the upper right image). The elliptical form is necessary
since for a large number of plates the transmitted beam becomes elliptical due
to non-perfect alignment of the sample regarding the beam direction (see lower
right (20 plates) in fig. 5.5). This ellipse rotates with the rotating sample such
that the ROI was further narrowed by taking into account only the overlap
of the ellipses of all 300 images. The ROI was divided by the Gaussian fit to
obtain the final images as shown in the lower right in fig. 5.4. The speckle
are exponentially distributed with some high peaks as expected for localized
modes. For an increasing number of glass slides increasing laser powers were
used as the transmission decreases with the number of plates. Therefore, the
transmitted images were normalized by the incident laser power. All details
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Figure 5.4: 3D image of a measured speckle patter before image processing (upper left).
The intensity is plotted on the z axis while x and y are the camera pixel
values. A Gaussian was fitted with an offset and a region of interest was defined
via a radius r = 2σ (upper right). Then the offset was subtracted from the
image (lower left) and the image was weighted by the Gaussian to remove the
intensity differences caused by the incident Gaussian laser beam. Image taken
from ref. [137].
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Figure 5.5: Four measured images for increasing number of plates (0, 5, 15, 20) are shown.
The measurement was performed at B=0 T with polarizer in front of the ca-
mera. The colorbar shows the measured intensities.
about the analysis can be found in the bachelor thesis of O. Irtenkauf [137].
Figure 5.5 shows how the observed transmission changes with the number
of plates N . Images for N = 0, 5, 15, 20 plates are shown for B = 0 T with a
polarizer in front of the CCD. For 0 plates already a fringe pattern is observed
arising from the glass plate protecting the camera sensor, but still the Gaussian
beam can be observed. For 5 plates some larger but still regular speckles are
observed. The image with 15 plates shows random speckles overlapping the
Gaussian shaped beam. For 20 plates some high intensity speckle can be seen
with larger regions of very low intensity in between, but the beam shows a
very elliptical tail arising from scattering out of the incident direction. Here
the quasi 1D sample geometry is observed.
The same can be observed when looking at the histogram of intensity of
the same measurement. These histograms are shown in fig. 5.6. For 0 plates
a Gaussian distribution is observed. This crosses over to an exponential dis-
tribution for ∼ 20 plates. For 30 plates deviations at high intensity values
are observed in form of a tail decaying slower than exponentially as would be
expected for localized light [129].
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Figure 5.6: Histogram of the normalized intensity I/⟨I⟩ for different number of plates N
at B = 0 T with polarizer in front of the CCD. The inset shows a zoom with
linear scale for 0 ≤ I/⟨I⟩ ≤ 2.
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5.3 1D light transport in high magnetic fields
In this section I show transfer matrix simulations3 (perfect 1D case) of the mean
logarithmic relative transmission ⟨ln τ⟩ over various configurations of disorder
and the normalized transmitted intensity var (I/⟨I⟩) and compare them to
experimental data obtained with the setup described in the latter section, to
test how the Faraday effect can influence light localization and to study the
difference between 1D and Q1D (as present in experiments). The sample is a
stack of N Faraday active glass slides with the same Verdet constant and of
the same thickness L in the simulations as in the experiments.
5.3.1 Static transmission
As was explained in sec. 5.1.1 the static transmission through a stack of glass
slides is expected to decay exponentially with number of slides N . This is
observed in the transfer matrix simulations (blue dots in fig. 5.7(a)) as well
as in the experiments (blue dots in fig. 5.7(b)). The result of the simulation
equals the theoretical prediction for the perfect 1D case without absorption (see
eq. (5.8)). The decay is seen to be slower (and more noisy) for the experimental
data which might be caused by the non-perfect alignment of the plates. Such
a deviation from the perfect 1D case was also studied by Zhang et al. [138].
Moreover, the decay of ⟨ln τ⟩ is plotted in presence of a magnetic field B =
18 T (orange squares). In both, the transfer matrix calculations as well as
the experiments, oscillations with increasing number of plates are observed.
These oscillations come from the fact that for small number of plates, most
photons of the transmitted beam leave the sample without being scattered,
such that the mean polarization state is governed by the Faraday rotation of
the photons through the plates in one direction. Using an analyzer in front of
the camera, as in fig. 5.7, this leads to a suppression of the transmitted beam
for 2, 6, ... plates where the polarization is tilted by ∼ 90◦ against the incident
polarization. For increasing number of plates more multiple scattered photons
govern the mean transmission, such that the polarization gets randomized and
the oscillations disappear. In the transfer matrix calculations the slope of the
decay with N is smaller for the measurement with magnetic field than without.
Thus a crossover around 25 plates is observed. This effect might be caused by
an increasing localization length under the influence of the magnetic field. In
the experiments no such effect was observed.
The inset of fig. 5.7(a) and (b) shows the mean logarithmic relative trans-
3The simulations were performed by G. J. Aubry.
147
5. Lower dimensional light transport 5.3. 1D LIGHT TRANSPORT IN HIGH MAGNETIC FIELDS
0 10 20 30 40 50 60
N
8
6
4
2
0
ln
with polarizer
0 T
18 T
0 5 10 15
B [T]
6
5
4
3
2
N = 25
N = 30
(a) 1D simulation: L, V and λ same as in experiment.
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Figure 5.7: (a) Transfer matrix simulations and (b) experimental data of the mean lo-
garithmic relative transmission ⟨ln τ⟩ over various configurations of disorder
trough a stack of N Faraday active glass slides with (orange squares) and wit-
hout (blue dots) magnetic field up to B = 18 T. The inset shows the same
quantity with varying field for N = 25 (red) and N = 30 (green) plates. A
polarizer was put in front of the CCD camera.
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mission ⟨ln τ⟩ plotted for different field values B for N = 25 (red) and N = 30
(green) plates. Again oscillations are observed, explained by the Faraday rota-
tion (FR) of the plates and the used analyzer. For large fields the oscillations
smear out, especially in the experiment. As expected the period of the oscillati-
ons becomes smaller for a larger number of plates as there is more FR. In both
plots the mean value stays roughly constant as with N = 25 and N = 30 we
are in the crossover region from the B = 0 T and the B = 18 T measurement.
In the above described experiments, only one plane of polarization was stu-
died using a polarizer in front of the CCD. To measure all transmitted photons
and get rid of the mentioned oscillations in the mean transmission this polari-
zer was removed and the same experiments were performed (see fig. 5.8). For
the transfer matrix simulations as shown in fig. 5.8(a) again the same expo-
nential decay without field is observed. This time no oscillations occur with
magnetic field, but again a slower decay can be seen with B = 18 T starting
from N = 0. As we see in the inset the increase of the mean logarithmic trans-
mission with increasing field saturates for small fields B < 5 T. The increase of
⟨ln τ⟩ might be interpreted as a destruction of localization using FR, but the
saturation (and the existence of an exponential decay) shows that the magne-
tic field only disturbs some localized modes, which could be connected to an
increasing localization length ξ.
Similar observations are made for the experimental data as shown in fig. 5.8(b).
Again with (blue circles) and without (orange squares) magnetic field an ex-
ponential decay is observed. In run 1 (open symbols) a deviation from the ex-
ponential is observed with magnetic field for N ≈ 15. To exclude experimental
problems4 and to obtain more reliable data another run was performed. This
time no such deviation was observed, but in both runs the measurement with
field lies slightly above the measurement without field, but much less than in
the transfer matrix calculations. In the inset two field runs for N = 30 (green)
and one for N = 0 plates are shown. The N = 0 run is very stable and used as
reference. The measurements with N = 30 are more noisy. No clear increase of
the transmission is observed for small fields, consistent with the measurement
in the main plot.
While both transfer matrix simulations with and without polarizer show
clear magnetic field effects, no such conclusion can be done for the experi-
mental data. The variance of the normalized transmitted intensity var (I/⟨I⟩)
is analyzed in the following section to check whether such effects might be
4The plates were put in manually such that the holder has to be removed from the setup for
each plate and the relatively low temperature inside the magnet bore led to fogged windows
when the experiments were performed too slowly.
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(a) 1D simulation: L, V and λ same as in experiment.
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Figure 5.8: (a) Transfer matrix simulations and (b) experimental data of the mean lo-
garithmic relative transmission ⟨ln τ⟩ over various configurations of disorder
trough a stack of N Faraday active glass slides with (orange squares) and
without (blue dots) magnetic field. In the experiments two runs were perfor-
med to obtain more reliable data. The inset shows the same quantity with
varying field for N = 25 (red) and N = 30 (green) plates for the simulations
and N = 0 (grey) and N = 30 (green, two runs) for the experiments. No
polarizer was put in front of the CCD camera.
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suppressed by absorption or the quasi 1D geometry.
5.3.2 Transmission fluctuations
For the perfect 1D case as in the transfer matrix simulations the variance of the
normalized transmitted intensity var (I/⟨I⟩) is expected to increase exponen-
tially with number of plates N indicating a strong increase of the fluctuations
in transmission in the localized regime. Figure 5.9(a) shows var (I/⟨I⟩) measu-
red for one polarization state (with polarizer) at the output. The localization
threshold var (I/⟨I⟩) = 7/3 (eq. (5.12)) is reached around N = 20 for the
simulation without field (blue dots). For the simulation with magnetic field
(B = 18 T) still an exponential increase is observed, but the threshold is at a
larger number of plates N ≈ 25 which is connected to an increase of the loca-
lization length. Note further that for small number of plates again oscillations
are observed in the magnetic field measurement. The inset shows var (I/⟨I⟩)
for N = 25 and N = 30 for increasing field. Consistent with earlier observati-
ons a decrease for fields B < 5 T is observed as well as oscillations for small
fields.
Figure 5.9(b) shows the experimental data for var (I/⟨I⟩) versus N without
(blue dots) and with (orange squares) magnetic field. For a small number of
plates N < 20 a similar exponential increase as in the simulations can be
observed but with a smaller exponent. Also the oscillations with magnetic
field are recovered, but at N > 20 plates a saturation occurs. The occurrence
of such a plateau in the variance of the transmitted intensity was interpreted
by Park et al. [129] as a crossover from 1D to Q1D and can be connected to
the crossover length ℓ1D→Q1D. High intensity fluctuations are suppressed by
mode coupling. Unfortunately in our case, this length is in the same regime
as the localization length ξ, such that no difference in the plateau value is
observed without and with magnetic field B. Note further that the value of
the localization threshold could not be reached in the experiments.
Figure 5.10 shows the same simulations and experiments without a selection
of polarization at the output. Again in the simulation an exponential increase
with increasing sample size is observed. Moreover, the simulation with mag-
netic field shows a smaller exponent. In the experiments one can see such an
increase for small number of plates and again for all measurements with and
without magnetic field a plateau occurs. This time the plateau value with mag-
netic field (B = 18 T) is lowered. The same decrease with field can be observed
in the inset for the measurement of var (I/⟨I⟩) versus B for N = 30. As in
this measurement no polarizer was in front of the CCD the measured image
with B = 18 T is the average over two vertical to each other polarized speckle
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Figure 5.9: (a) Transfer matrix simulations and (b) experimental data of the variance of
the normalized transmitted intensity var (I/⟨I⟩) trough a stack of N Faraday
active glass slides with (orange squares) and without (blue dots) magnetic field.
The inset shows the same quantity with varying field for N = 25 (red, in (a)
only) and N = 30 (green) plates. A polarizer was put in front of the CCD
camera.
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Figure 5.10: (a) Transfer matrix simulations and (b) experimental data of the variance of
the normalized transmitted intensity var (I/⟨I⟩) trough a stack of N Faraday
active glass slides with (orange squares) and without (blue dots) magnetic
field up to B = 18 T. In the experiments two runs were performed to obtain
more reliable data. The inset shows the same quantity with varying field for
N = 25 (red, in (a) only) and N = 30 (green) plates. No polarizer was put in
front of the CCD camera.
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patterns as the field randomized the polarization. This leads to a lowering of
the fluctuations in the image and arbitrarily lowers var (I/⟨I⟩) and respectively
the plateau value. Thus, no clear signs of magnetic field effects on localization
are observed here.
To be able to observe localization in 1D experiments and study the influence
of FR on localization experimentally the crossover length ℓ1D→Q1D would need
to be increased such that the localization threshold ℓ1D→Q1D > ξ is reached.
This might be achieved by a better sample alignment e.g. with piezo elements
between each plate to align each plate in a controlled manner and separately
or by thinner glass plates keeping the FR high enough to randomize the po-
larization state. The first solution leads to a very sophisticated experimental
sample, which might be hard to realize. The second solution might be easier to
realize as the simulations versus the magnetic field (inset) showed a saturation
of the magnetic field effect for small field values, such that thinner plates could
still have a strong enough FR.
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Conclusion
Wave transport can become very complex in disordered photonic media. Es-
pecially transport properties in densely packed, highly scattering media are
difficult to predict and very careful interpretation of data is required. In this
thesis experiments on light transport in commercial “white paint” materials
were performed first. They questioned earlier claims of Anderson localization of
light in 3D in the same samples. Earlier observed deviations from diffusion were
explained by weak fluorescent signals, consistent with an adapted diffusion mo-
del. A transport model was developed using the ECPA effective refractive index
approach to optimize the scattering strength in “white paint” materials and
study resonant light transport in densely packed, random assembled, highly
multiple scattering media. This model was tested on low (polysterene) and
high index (titanium dioxide) photonic glasses via spectral measurements of
the scattering strength λ/ℓ⋆. The model predicts very well resonant transport
behavior in high and low index (monodisperse) photonic glasses. Moreover, the
general scattering behavior even of the commercial “white paints” as well as
of polydisperse photonic glasses is explained reasonably well by the presented
model. No signs of localization are observed in the fabricated materials con-
sistent with the model predictions. A proof of principle experiment, in which
the magneto-optical Faraday effect is used to manipulate reciprocity in highly
scattering samples, is performed to learn about the origin of light localization.
Transmission speckle correlations and coherent backscattering experiments in
high magnetic fields and at low temperatures show that this method can be
used to look for light localization in powder mixtures of highly scattering and
highly Faraday active materials. A common way to study light localization is
to go to lower dimensional systems (1D or 2D) where scaling theory predicts
the existence of localization for large enough system size. Therefore, a quasi
1D sample made of Faraday active glass slides was studied to test the afore-
mentioned magnetic field effect on light transport. No clear influence of the
magnetic field on localization is observed in the experiments in contrast to
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the results of the transfer matrix simulations. This might be explained by the
relatively small crossover length from 1D to quasi 1D geometry in the studied
sample.
All performed experiments show that the observation of Anderson localiza-
tion of light, for 3D and even lower dimensions, is experimentally very challen-
ging. In this thesis the details of the experimental observation methods (e.g.
ToF, TP, magnetic field manipulation) and their data interpretation were furt-
her developed and a deeper understanding of wave transport in densely packed,
random assembled media is gained. The shown ECPA scattering model com-
bined with the performed experiments allow us to understand very well the
light transport in photonic glasses and commercial “white paints”.
6.1 Perspective
Coherent light transport in highly multiple scattering media has been studied
for years [11], but optical experiments still bear to show signs of Anderson lo-
calization of light in 3D as explained in this thesis. Although light localization
could not be reached in the here performed experiments, they led to a better
quantitative understanding of transport in “white paint” materials. This let
us predict that further tuning in the sample preparation and/or structure is
needed to observe Anderson localization of light in 3D. Higher index photonic
glasses are expected by the ECPA scattering model to reach the localization
threshold kℓ⋆ < 1 for certain size ratios, but are a challenge for material scien-
tists to synthesize. In lower dimensional systems localization can be studied
experimentally if a crossover to quasi 1D geometry can be avoided. This could
be achieved using thinner glass plates while keeping the Faraday rotation large
enough or by a more controlled sample alignment e.g. with piezo elements be-
tween each glass plate.
The experiments and simulations performed in this thesis explain why scien-
tists have failed to observe 3D localization for years. The developed methods
and the gained understanding of coherent light transport in randomly assem-
bled highly multiple scattering media bring us closer to a possible observation
of this supposedly universal phenomenon, but also show the long way to go
and how careful experimental data needs to be treated in the search for signs
of localization.
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